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Iron  and  steel  castings  may  be  made  of  (1)  steel,  (2)  mal- 
leable iron,  or  (3)  cast  iron.  Though  there  are  a  number  of 
trade  names  for  particular  sorts  of  metal  sold  in  the  form  of  cast- 
ings, yet  all  belong  to  one  of  these  three  classes — ^which  have 
distinctive  properties,  are  manufactured  by  diflferent  processes, 
and  have  diflferent  fields  of  usefuhiess.  We  hear,  for  instance,  of 
* 'semi-steel ",  **  gun-iron'*  or  *  *  wrought-iron  "  castings;  however, 
these  are  but  special  sorts  of  castings — the  first  two  of  grey  iron, 
the  last  of  steel  castings. 

Steel  castings  are  made  of  steel,  which  may  be  hard  or 
soft,  of  high  or  low  carbon,  with  or  without  special  alloys,  just 
as  steel  forgings  or  rolled  steel  shapes  are  made  of  diflferent 
sorts  of  steel.  Cast-iron  castings,  of  course,  are  composed  chiefly 
of  pig  iron,  generally  remelted,  and  are  distinguished  by  the 
comparatively  low  tensile  strength  and  almost  total  lack  of 
ductility  characteristic  of  that  metal,  which  is  attributable 
largely  to  its  high  content  of  carbon.  In  some  sorts  of  iron 
castings,  part  or  all  of  the  metal  is  made  almost  glass-hard  by 
casting  it  against  an  iron  chill,  whereby  the  carbon  is  retained 
in  the  ** combined*'  state  as  carbide  of  iron,  an  intensely  hard 
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substance.  But  in  most  cases  iron  castings  are  comparatively 
soft  and  readily  machinable,  and  at  least  a  considerable  part  of 
the  carbon  is  in  the  form  of  flakes  of  graphite,  which  are  dis- 
tributed through  the  metal  as  flakes  of  mica  might  be  mixed 
in  mortar,  destroying  its  continuity  and  rendering  it  weak  and 
brittle. 

Malleable  iron  might  be  called  a  mongrel  iron.  When  first 
cast,  the  metal  throughout  its  cross-section  is  very  hard  and  is 
identical  in  nature  with  the  chilled  portion  of  a  chilled-iron 
casting.  By  heating  this  hard,  brittle  metal  for  many  hours  at 
a  full  red  heat,  it  is  made  soft  and  quite  ductile.  The  combined 
carbon  is  thereby  all  converted  to  graphite,  which,  however,  is 
in  the  form  of  globular  aggregations  of  very  fine  powder  and 
is  not  in  flakes,  as  in  grey  iron.  The  portion  of  the  metal  near 
the  surface  of  the  castings,  moreover,  is  made  nearly  carbon- 
less. Thus  the  metal  is  practically  dead-soft  steel  whose  con- 
tinuity is  broken  up  by  aggregations  of  a  strengthless  material. 
It  is,  therefore,  quite  ductile  and  has  a  fair  degree  of  strength, 
but,  naturally,  is  not  as  strong  or  as  ductile  as  dead-soft  steel. 

From  this  brief  statement  of  the  general  nature  of  the  three 
metals,  we  see  that  they  necessarily  have  distinct  fields  of  use- 
fulness. We  use  steel  or  malleable-iron  castings  when  we  need 
a  metal  with  a  considerable  amount  of  strength  and  ductility :  in 
most  cases,  indeed,  our  reason  for  using  a  casting,  instead  of 
forming  the  piece  of  rolled  or  forged  metal,  is  that  it  can  not 
be  so  made;  or  because  the  expense  of  the  rolling,  forging,  or 
cold-shaping  of  steel  plate  would  be  prohibitive.  Many  times 
the  choice  between  a  steel  casting  and  a  drop  forging,  for 
instance,  is  dictated  simply  by  the  number  of  pieces  we  shall 
require ;  if  we  need  a  great  many,  we  can  afford  to  make  dies, 
and  we  secure  a  better,  and  often  cheaper,  article;  whereas,  if 
there  are  but  a  few  required,  we  are  constrained  to  use  castings 
because  of  the  expense  involved  in  the  purchase  of  forging  dies. 

When  we  order  cast-iron  castings,  on  the  other  hand,  we 
generally  wish  to  use  them  for  parts  in  which  great  strength  is 
not  required — often  because  the  weight  of  the  piece  is  of  no 
consequence,  or  even  because  a  heavy  piece  is  an  absolute  essen- 
tial. By  using  a  large  piece  of  comparatively  weak  and  brittle 
metal  we  secure  the  total  strength  required.    The  metal,  more- 
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over,  is  very  strong  against  compressive  stresses,  and  is  often 
used  to  resist  such  stresses  in  cases  where  comparatively  heavy 
sections  can  be  tolerated. 

The  choice  between  steel  and  malleable-iron  castings  is  dic- 
tated partly  by  their  respective  properties,  partly  by  price,  and 
partly  by  the  limitations  of  the  processes  by  which  malleable 
iron  is  made.  As  already  stated,  steel  is,  in  its  nature,  a  more 
homogeneous  metal,  and  therefore  tougher  and  stronger  than 
malleable  iron.  Moreover,  castings  of  malleable  iron  are  some- 
what prone  to  actual  porosity  or  sponginess  at  the  center,  espe- 
cially in  certain  portions  of  irregular  castings,  so  that  for  this 
reason,  also,  a  steel  casting  is  stronger  and  more  reliable. 
Finally,  malleable  iron  can  be  made  only  into  castings  of  quite 
light  sections;  whereas,  there  is  almost  no  limit  to  the  size  and 
weight  of  steel  castings  that  can  be  produced.  For  uses  where 
only  a  fair  amount  of  strength  and  toughness  are  necessary,  and 
the  casting  is,  therefore,  of  light  section,  it  often  pays  to  buy 
malleable  castings,  because  they  are  cheaper  than  steel. 

The  variations  in  the  properties  of  steel  castings  are  due 
(1)  to  variations  in  the  composition  of  the  steel,  (2)  to  the 
annealing  or  heat  treatment  to  which  the  steel  is  subjected,  and 
(3)  to  the  soundness  of  the  casting.  The  last  of  these  may  be 
summarized  in  the  familiar  saying,  ''a  casting  is  always  a  cast- 
ing", by  which  the  ** initiated"  mean  that  it  may  always  con- 
tain hidden  blow-holes  or  shrinkage  cavities  that  cause  or  aid 
its  failure  when  least  expected.  The  gases  that  are  liberated 
from  solidifying  steel,  of  course,  cause  blow-holes  in  ingots  as 
well  as  in  castings,  but  by  the  time  the  ingot  is  reduced  to  the 
rolled  or  forged  shape,  these  holes  are  at  least  closed  up,  if  not 
partially  welded — and  they  are  generally  so  located  as  to  be 
least  harmful  to  the  finished  piece.  In  the  case  of  castings,  the 
gas  from  the  metal  and  the  steam  and  gas  set  free  from  the 
sand  mould  may  cause  blow-holes  that  can  not  be  detected 
by  surface  inspection  of  the  piece. 

Because  steel  and  iron  contract  in  cooling,  moreover,  there 
is  a  tendency  toward  the  formation  of  a  cavity  in  the  upper  por- 
tion of  almost  any  mass  of  metal  during  its  cooling  from  the 
liquid  state  to  atmospheric  temperature.  In  rolled  and  forged 
work  we  get  rid  of  the  hollow  part  of  the  ingot  simply  by  not 


4  SYMPOSIUM  ON  IRON  AND  STEEL 

using  it.  In  castings,  however,  especially  steel  castings,  we 
provide  against  these  cavities  by  putting  extra  portions  upon 
the  piece,  which  are  so  shaped  and  located  that  they,  and  not 
the  casting  itself,  shall  be  hollow.  The  metal  drained  from 
these  ** sink-heads"  feeds  the  shrinkage  of  the  casting,  and  they 
are  knocked  or  cut  from  the  piece  after  it  has  grown  cold. 
Failure  to  properly  locate  or  design  these  heads  will  almost 
certainly  give  rise  to  shrinkage  cavities  of  greater  or  less  size 
in  the  casting;  and  if  these  are  so  located  as  not  to  be  dis- 
covered and  welded  up,  we  have  a  hidden  source  of  weakness  in 
our  casting. 

The  most  important  constituent  of  steel,  upon  which  the 
nature  of  the  metal  largely  depends,  is  carbon.  Depending  upon 
the  carbon  content,  ordinary  steel  castings  vary  from  very  soft  to 
dead-hard  steel.  The  carbon  content  in  each  class  of  steel  cast- 
ings is  approximately  as  follows : 

Glass  G.  %  Special  Trade  Names 

Very  soft  up  to  0.15  Wrought-Iron  Casting 

Soft  0.15  to  0.30  

Medium  0.30  to  0.40  

Hard  0.40  up  40-Point  Steel 

The  eflfect  of  silicon  in  steel  castings  is  chiefly  to  promote 
soundness  and  to  discourage  the  formation  of  blow-holes.  The 
average  silicon  content  of  steel  castings  is  from  0.25  to  0.40 
percent,  though  in  '*very  soft"  steel  it  is  sometimes  as  low  as 
0.15,  or  even  0.10  percent.  The  silicon  content  should  not  be 
specified  by  the  purchaser  but  left  to  the  judgment  of  the 
maker. 

Manganese,  in  "very  soft"  steel  castings,  is  sometimes  as 
low  as  0.20%,  but  in  the  average  casting  it  runs  from  about 
0.40%  to  0.80%,  or  even  higher.  As  manganese  additions  are 
absolutely  essential  in  the  manufacture  of  steel,  and  in  most 
cases  the  steel  could  not  be  made  sound  at  all  without  it,  the 
manufacturer  is  in  a  position  to  know  how  much  he  should  use 
and  should  not  be  hampered  by  limits  imposed  in  specifications. 

The  effect  of  phosphorus  in  steel  is  to  produce  brittleness 
in  the  metal  when  cold.  Hence  the  limits  are  sharply  specified. 
No  steel  casting  should  contain  over  0.10%   phosphorus,   and 
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0.08%  is  better.  For  high-grade  castings  the  upper  limit  is 
generally  0.05%. 

Sulphur  is  a  harmful  impurity  in  steel,  its  chief  eflEect  being 
to  make  the  metal  ''red-short",  or  weak  and  brittle  when  hot. 
Steel  that  has  to  be  rolled,  forged  or  quenched  from  a  red 
heat  in  hardening,  therefore,  must  contain  as  little  sulphur  as 
possible.  As  the  purchaser  of  steel  castings  very  seldom  forges 
them  at  all,  or  subjects  them  to  hardening  processes,  many 
makers  of  steel  castings  contend  that  the  sulphur  content  should 
not  be  specified.  As  they  point  out,  the  almost  inevitable  effect 
of  too  much  sulphur  in  their  steel  is  that  the  castings  will  crack 
when  hot  under  the  stresses  set  up  during  the  cooling,  so  that 
there  is  no  incentive  for  the  steel  maker  to  take  chances  on  the 
use  of  steel  of  too  high  a  sulphur  content.  They  contend,  there- 
fore, that  they  should  be  allowed  to  settle  the  sulphur  content 
of  their  steel  for  themselves,  as  they  will  be  sure  not  to  allow 
too  high  a  content  and  should  not  be  embarrassed  by  specifica- 
tions that  may  call  for  a  much  lower  sulphur  content  than  is 
really  necessary,  at  an  added  expense  to  them.  Most  specifica- 
tions for  steel  castings,  however,  contain  a  maximum  limit  for 
sulphur,  usually  from  0.05%  to  0.06%. 

The  effect  of  annealing  and  heat-treatment,  in  general,  is 
more  marked  in  high-carbon  than  in  low-carbon  steel.  One 
effect,  however,  that  is  practically  as  great  in  soft  as  in  hard 
steels,  is  to  relieve  the  stresses  that  are  set  up  by  the  unequal 
rates  of  cooling  of  parts  of  a  casting  of  varying  cross-section. 
As  soft  steel  contracts  more  in  cooling  than  does  hard  steel,  the 
stresses  are  generally  somewhat  greater  in  soft  castings.  This 
is  offset  by  the  fact  that  as  the  steel  is  tougher  it  can  have  more 
stresses  in  it  without  danger  of  failure ;  so  that  the  question  of 
stress  is  nearly  as  important  in  a  soft  as  in  a  hard  casting.  Able 
metallurgists  have  contended  that  soft-steel  castings  need  no 
annealing,  but  the  tendency  has  long  been  to  anneal  more, 
rather  than  less,  often. 

Plain  annealing,  that  is,  heating  the  casting  to  a  given  tem- 
perature, which  is  maintained  for  some  time,  and  then  cooling 
it  slowly,  breaks  up  the  coarse  micro-structure  characteristic  of 
steel  in  the  cast  condition  and  substitutes  for  it  a  much  finer 
and  more  uniform  structure.    The  result  is  to  raise  the  strength 
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and  elastic  limit  of  the  casting,  to  a  degree  that  is  generally  the 
greater  the  higher  the  carbon  -content  of  the  metal — ^the  strength 
of  very  soft  castings  being  raised  very  little  by  annealing.  The 
toughness  of  the  metal,  as  measured  by  its  extension  and  con- 
traction of  area  in  the  tensile  test,  is  also  increased — ^more  in 
high  carbon  than  in  low  carbon  steel.  As  measured  by  bending 
tests,  the  toughness  is  also  greatly  increased ;  and  though  hard 
steels  are  improved  more  than  soft,  yet  the  difference  between 
an  annealed  and  an  unannealed  soft-steel  casting  is  usually 
greater  in  the  bending  test  than  in  extension  or  contraction  of 
area. 

Heat  treatment,  that  is,  heating  the  casting  to  a  given  tem- 
perature for  a  given  time,  to  relieve  cooling  stresses  and  remove 
the  coarse  micro-structure  of  the  cast  metal;  -cooling  more  or 
less  rapidly,  to  partially  or  entirely  harden  the  metal;  and 
reheating  to  relieve  the  hardening  stresses  and  to  ''draw*'  part 
of  the  hardness,  is,  of  late,  being  practiced  to  an  increasing 
extent.  Its  effect  is  similar  to  that  of  plain  annealing,  but  more 
marked.  The  strength  and  toughness  of  the  steel  are  greatly 
increased,  the  effect  upon  the  lower  carbon  steels  being  more 
marked  than  is  that  of  plain  annealing.  This  is  especially  true 
of  the  resistance  to  sudden  shock.  A  dead-soft  steel,  of  so  low 
a  carbon  content  that  the  effect  on  the  strength  of  even  a  dras- 
tic heat  treatment  is  hardly  noticeable,  is  made  several  fold  as 
resistant  to  shock  tests  as  it  is  in  the  annealed  condition. 

The  method  by  which  the  steel  is  made  influences  its  prop- 
erties, largely  by  its  effect  upon  the  composition  that  it  is  pos- 
sible to  secure,  and  upon  the  tendency  of  the  steel  to  unsound- 
ness. The  ** basic"  processes,  by  which  are  meant  those  in 
which  the  slag  can  be  so  regulated  as  to  permit  the  removal  of 
most  of  the  phosphorus  and  sulphur  of  the  steel,  naturally 
enable  the  manufacturer  to  secure  low  phosphorus  and  sulphur 
content,  whereby  the  steel  is  made  tougher  when  cold  and  less 
prone  to  shrinkage  -cracks.  When  the  steel  is  made  by  **acid'' 
processes,  on  the  other  hand,  purity  must  be  attained  by  the 
use  of  pure  raw  materials,  at  an  increased  cost.  Moreover, 
lower  phosphorus  and  sulphur  content  are  secured  by  basic 
processes  than  it  is  possible  to  attain  by  acid  processes. 

Again,  the  extent  to  which  the  steel  is  subjected  to  oxida- 
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tion  (luring  its  manufacture  influences  the  tendency  to  unsound- 
ness. It  may  be  said,  in  general,  that  the  Bessemer  process 
oxidizes  the  steel  to  the  greatest  extent,  the  open-hearth  process 
to  a  less  degree,  the  crucible  process  to  a  still  less  degree,  and 
the  electric-furnace  process  least  of  alL  The  processes  by  which 
the  steel  may  be  made  and  their  more  marked  characteristics 
are  as  follows : 


Process  Nature 

Bessemer  acid 

(generaUy  baby  vessels) 

Open-hearth  basic 


Open-hearth 

acid 

Oracible 

acid 

Electric 

acid 

basic 

Remarks 
Very  oxidizing. 

Generally  thought  to  be  less  oxidizing 
than  the  Bessemer. 

Less  oxidizing  than  either  of  the  above. 

Hardly  oxidizing  at  all. 

Not  oxidizing.  Oxidation  of  steel  made 
by  other  processes  may  be  corrected 
by  final  treatment  in  the  electric  fur- 
nace. 


It  is  not  possible  to  state  dogmatically  that  one  process 
produces  better  steel  than  another,  because  the  raw  material 
used  and  the  skill  of  the  operator  vary  to  a  considerable 
extent.  Even  with  the  electric  furnace,  very  poor  steel  can  be 
produced  by  inexperienced  men ;  though,  when  properly  han- 
dled, the  furnace  is  capable  of  producing  metal  that  is  as  low 
in  phosphorus  and  sulphur,  and  as  pure  and  little  liable  to  blow- 
holes, as  any  steel  the  world  has  seen.  Hence  the  process  by 
which  the  steel  is  made  is,  in  many  cases,  of  less  importance 
than  the  skill  and  knowledge  of  the  workmen,  so  that  the  pur- 
chaser is  better  protected  by  calling  for  metal  of  good  prop- 
erties as  exhibited  by  tests  than  by  buying  castings  made  by 
some  particular  process  that  he  supposes  to  be  the  best.  Even 
electric-furnace  steel  is  subject  to  this  statement.  It  does  not 
give  results,  in  the  ordinary  tests,  much  better  than  can  be 
obtained  with  steel  well  made  by  some  of  the  other  processes; 
and  the  growing  use  of  the  electric  furnace  in  steel  foundries 
is  due  as  much  to  the  fact  that  it  possesses  certain  technical 
advantages  for  the  manufacture  of  high-grade  small  castings, 


8  SYMPOSIUM  ON  IRON  AND   STEEL 

as  to  the  superior  excellence  of  the  steel  made  in  it.  We  know, 
of  course,  that  electric  furnace  steel  is  proving  itself  superior 
to  other  steels,  as,  for  instance,  in  rails  stibjected  to  severe  win- 
ter weather.  But  the  inevitable  uncertainties  of  steel  castings 
prevent  our  designing  them  on  as  close  a  margin  as  we  do  forg- 
ings,  so  that,  as  yet,  the  actual  properties  of  the  steel  in  good 
steel  castings  are  quite  as  high  as  the  trade  desires.  In  fact, 
it  is  quite  possible  to  make  a  much  better  steel  than  there  is  a 
market  for. 

In  general,  the  open-hearth  process,  either  acid  or  basic,  is 
the  cheapest  method  for  making  steel,  with  the  small  Bessemer 
converter  next,  the  electric  furnace  next,  and  the  crucible  proc- 
ess the  most  expensive.  The  crucible  and  Bessemer  processes 
are  used  mostly  for  light  castings,  and  the  open-hearth  for 
heavier  work.  The  electric  furnace,  so  far,  has  been  used  in 
competition  with  the  Bessemer  and  crucible  processes  in  making 
light  work,  for  which  it  has  certain  marked  advantages.  One 
may  hazard  a  guess  that  its  chief  application  in  the  future  will 
be  in  this  field,  and  that  its  use  for  heavy  work  will  be  confined 
to  a  limited  number  of  cases  where  steel  of  very  high  quality  is 
required. 

The  most  important  special  steels  used  in  castings  are 
chrome  steel,  nickel  steel  and  manganese  steel.  The  chrome 
steel  used  is  generally  of  a  very  hard  grade,  and  is  furnished 
for  crushing  and  grinding  parts,  such  as  stamp  shoes,  cement- 
mill  balls,  etc.  Nickel  steel  is  used  in  castings  for  the  same 
reason  that  it  is  used  in  rolled  and  forged  material — because  a 
metal  of  high  tensile  strength  and  elastic  limit  and  of  good 
ductility  is  required. 

Manganese  steel  is  in  a  class  by  itself.  It  is  unmachinable, 
quite  strong,  very  tough,  and  extremely  resistant  to  wear.  It 
is  used  to  resist  almost  all  sorts  of  heavy  wear  and  abrasion  in 
crushing  and  grinding  machinery,  steam-shovel  and  dredge 
parts,  railroad  frogs  and  switches,  etc. 

The  general  description  of  the  properties  of  malleable  iron 
found  in  the  first  part  of  this  article  gives  the  key  to  the  appli- 
cations of  this  material.  It  is  used  for  a  great  variety  of  rather 
light,  and  often  very  intricate,  castings  in  which  fair  strength 
and  toughness  are  required.    In  some  applications  it  has  now 
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been  very  largely  displaced  by  soft-steel  castings;  in  others, 
the  reverse  is  true  and  malleable  iron  is  found  displacing  steel. 
Though  it  is  subject  to  a  certain  amount  of  porosity  at  the  cen- 
ter, it  is  not  so  liable  to  blow  holes  as  is  steel ;  and  for  certain 
uses  it  is  the  best  material  to  buy,  despite  the  fact  that  its 
actual  strength  is  not  as  high  as  that  of  steel. 

The  iron  for  malleable  castings  is  almost  always  melted  in 
the  air  furnace  or  small  open-hearth  furnace,  as  it  has  been 
found  that  the  cupola  can  not  be  depended  upon  to  give  metal 
of  sufficient  uniformity  to  insure  successful  malleablizing.  The 
composition  of  the  metal  has  to  be  kept  within  quite  close  limits, 
which  vary  in  accordance  with  the  size  of  the  castings  being 
made,  and  the  manufacturer  has  to  exercise  much  skill  and 
ingenuity  in  designing  his  patterns  and  moulds. 

The  castings  are  packed  in  iron  boxes,  which  are  heated  to 
a  red  heat  in  annealing  furnaces  of  the  ordinary  type.  They 
are  annealed  for  several  days,  and  test  bars  or  castings  in  each 
box  are  tested  in  order  to  be  sure  that  the  process  has  been 
properly  performed. 

Specifications  for  malleable  iron  usually  call  for  a  certain 
minimum  tensile  strength  and  extension  on  the  tensile  test,  and 
a  minimum  transverse  strength  and  angle  of  deflection  on  a 
bending  bar.  The  maximum  phosphorus  and  sulphur  content 
is  also  often  specified. 

Cast  iron  castings,  as  we  have  indicated  in  the  first  part 
of  this  paper,  are  chiefly  used  where  great  strength  is  not 
required  of  the  material  or  where  light  weight  is  not  necessary, 
so  that  the  weakness  of  the  material  can  be  allowed  for  by 
increasing  the  size  of  the  sections.  There  are  two  general 
classes  of  iron  castings — plain  grey  iron  and  chilled  iron.  The 
latter  material,  as  we  have  already  said,  is  produced  by  casting 
grey  iron  of  suitable  composition  against  heavy  iron  ** chills*', 
whereby  the  part  chilled  is  rendered  extremely  hard  and,  inci- 
dentally, brittle.  The  somewhat  gradual  transition  from  chilled 
to  grey  iron  in  the  casting  and  the  soft  grey-iron  part  of  the 
piece  give  sufficient  strength  to  the  casting,  as  a  whole,  to  pre- 
vent its  breaking  in  service.  Of  course,  a  casting  -chilled  all  the 
way  through  would  generally  be  too  brittle  to  be  of  any  use. 
Chilled  castings  are  largely  used  for  car  wheels ;  rolls  for  roll- 
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ing-mill,  paper-making  and  other  machinery ;  for  wearing  parts 
of  crushing  and  grinding  machinery ;  etc. 

The  metal  for  high-grade  chilled  castings  is  generally 
melted  in  the  air  furnace  for  the  same  reason  as  in  the  case  of 
making  malleable  iron, — namely,  the  fact  that  close  control  of 
the  composition  of  the  metal  is  essential,  and  this  control  is 
easier  to  secure  in  the  air  furnace  than  in  the  cupola.  The 
latter  furnace,  however,  is  used  to  a  considerable  extent  for  the 
production  of  chilled  castings. 

Plain  grey  iron  may  be  melted  either  in  the  cupola  or  in 
the  air  furnace.  The  latter  is  supposed  to  give  a  rather  stronger 
metal,  and  it  certainly  enables  the  manufacturer  to  control  the 
composition  of  his  metal  more  closely. 

There  are  several  varieties  of  grey  iron  manufactured 
under  special  names,  such  as  ** semi-steer*,  ** gun-iron'*,  etc., 
etc.  These  metals  are  not  in  any  sense  steel,  but  are  simply 
high  grades  of  grey-iron;  and  though  their  tensile  strength  is 
quite  high,  they  possess  practically  no  ductility  and  should  not 
be  used  for  service  where  both  strength  and  toughness  are 
essential. 

The  exact  meanings  of  the  terms  ''semi-steel",  "gun-iron", 
etc.,  are  not  yet  well  established,  but  the  tendency  is  toward 
calling  air-furnace  irons  of  this  sort  ** gun-iron",  and  cupola 
irons  *' semi-steel".  The  metal  is  almost  always  made  by  melt- 
ing from  10  to  40  or  45%  of  steel  scrap  with  the  pig  iron, 
whereby  the  composition  is  brought  to  that  which  gives  the 
metal  the  greatest  strength  for  a  given  size  of  casting.  It 
should  be  clearly  understood,  however,  that  the  identity  of 
the  steel,  as  steel,  is  wholly  lost  in  the  melting  and  that  the 
metal  is  in  no  sense  a  cross  between  steel  and  iron,  or  a  close 
imitation  of  steel,  but  is  simply  a  grey  iron,  subject  to  all  the 
limitations  of  grey  iron,  and  is  distinguished  chiefly  by  some- 
what greater  strength  and  fineness  of  grain  than  is  found  in 
ordinary  iron  castings. 

The  composition  of  the  iron  used  for  castings  of  various 
sizes  should  be  left  very  largely  to  the  maker,  since  every  ele- 
ment— phosphorus,  sulphur,  manganese,  silicon  and  carbon — 
has  a  very  marked  eflPect  upon  the  strength  and  soundness  of 
the  casting;  and  the  composition  has  to  be  varied  to  suit  the 
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size  of  the  work,  because  the  rate  of  cooling  is  also  a  factor 
of  great  importance  in  fixing  the  qualities  of  the  iron.  An  iron 
of  very  ** close"  grain,  that  is,  one  that  shows  fine  crystals  on 
the  fresh  fracture,  is  in  a  great  many  cases  extremely  desira- 
ble ;  the  iron  must  machine  freely,  etc. 

The  best  way  to  secure  satisfactory  castings  is  to  prescribe 
the  tests  that  the  metal  must  meet — such  as  strength,  ability  to 
withstand  a  certain  hydraulic  pressure  without  developing  leaks, 
machinability,  etc. — and  leave  the  composition  to  the  maker, 
who  can  generally  be  depended  upon  to  choose  the  composition 
best  suited  to  the  requirements.  The  maximum  sulphur,  and 
sometimes  phosphorus,  content,  may  be  specified,  but  the  engi- 
neer should  be  careful  not  to  go  so  far  in  this  line  as  to  unnec- 
essarily embarrass  the  foundry  man. 

Electric  or  blow-pipe  welding  of  blow-holes  and  shrink- 
holes  in  steel  castings  is  now  a  practice  recognized  in  specifica- 
tions. If  the  defect  is  not  so  located  as  manifestly  to  make  the 
casting  unfit  for  use,  and  if  the  defect  is  properly  repaired,  a 
welded  casting  is  perfectly  satisfactory.  The  defect,  however, 
should  be  really  eliminated,  not  simply  plugged.  By  opening  a 
hole  to  the  bottom  with  the  flame  or  arc,  much  as  a  dentist 
prepares  a  cavity  in  a  tooth  for  filling,  and  then  filling  it  with 
metal  that  is  welded  to  the  partially  fused  walls  of  the  hole, 
the  casting  can  be  made  truly  sound.  The  hardening  effect  of 
the  high  temperature  and  rapid  cooling  upon  the  steel  adjacent 
to  the  weld,  especially  in  medium  and  hard  castings,  and  the 
stresses  set  up  by  the  cooling  of  large  welds,  make  it  essential, 
in  a  great  many  cases,  that  the  casting  be  reannealed  after 
welding.  This  is  especially  true  if  the  welded  face  must  be 
machined. 

In  general,  the  problem  of  making  satisfactory  castings  is 
so  intricate  that  the  purchaser  should  beware  lest  he  impose 
impossible  conditions  upon  the  foundryman.  Specifications 
should  be  drawn  so  that  they  do  not  specify  both  the  properties 
to  be  obtained  and  the  method  of  obtaining  them.  Often,  too, 
a  casting  is  asked  for  that  can  not  be  made  successfully  at  all 
unless  the  design  is  altered.  The  foundrymaii  becomes,  through 
long  experience,  an  expert  in  the  production  of  sound  castings, 
and  the  good  engineer  should  endeavor  to  cooperate  with  him 
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and  modify  design  (and  often  specifications)  in  accordance  with 
his  suggestions.  By  so  doing  he  will  find,  in  the  majority  of 
cases,  that  he  will  secure  far  stronger  and  more  reliable  castings 
than  if  he  gets  on  his  high  horse  and  refuses  to  listen  to  the 
foundryman,  with  the  result  that  the  latter  just  does  the  best 
he  can,  and  turns  out  what  he  knows  must  be  an  inferior  piece 
of  work  which  he  could  greatly  improve  were  his  knowledge 
and  skill  called  into  consultation. 
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The  Duplex  Process,  in  a  broad  sense,  consists  of  a  combina- 
tion of  any  two  processes.  As  generally  employed  in  the  steel 
industry  it  is  a  combination  of  the  acid  Bessemer  and  the  basic 
open-hearth  processes.  The  acid  converter  oxidizes  the  silicon, 
together  with  the  manganese  and  a  certain  portion  of  the  car- 
bon, the  exact  amount  depending  upon  the  practice.  The  blown 
metal  is  then  transferred  to  the  basic  open-hearth  furnace  where 
the  phosphorus  and  the  remainder  of  the  carbon  are  removed. 

The  Duplex  Process  shortens  the  open-hearth  purification 
by  more  than  five-sixths  of  the  usual  period,  giving  a  steel  of  the 
same  quality  as  the  straight  open-hearth  process. 

There  are  two  general  methods  of  operation:  In  the  first 
method  the  charge  is  desiliconized  and  partially  decarbonized  in 
the  Bessemer,  the  remainder  of  the  carbon  and  the  phosphorus 
being  eliminated  in  the  open-hearth  furnace.  On  account  of  the 
difBculty  in  regulating  the  carbon  in  the  blown  metal,  this 
method  is  not  desirable  where  the  amount  of  phosphorus  or  other 
impurities  is  so  low  that  the  duration  of  the  subsequent  open- 
hearth  process  is  determined  by  the  time  required  to  adjust  the 
carbon  to  the  specification  limits.  In  the  second  method,  the 
charge  is  desiliconized  and  the  carbon  blown  down  to  about 
0.10%.  The  exact  amount  of  carbon  desired  in  the  blown  metal 
is  obtained  by  a  pig  iron  addition,  made  either  in  the  transfer 
ladle  or  in  the  open-hearth  furnace,  the  carbon  protecting  the 
metal  from  excessive  oxidation,  while  the  phosphorus  is  being 
worked  down.    This  method  commends  itself  on  account  of  the 
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regularity  of  the  carbon  content  of  the  metal  going  into  the 
open-hearth  furnace. 

The  number  of  blows  required  for  one  duplex  heat  or  one 
complete  open-hearth  charge  depends  on  the  relative  capacities 
of  the  converters  and  the  open-hearth  furnaces.  The  usual  ratio 
met  with  in  duplex  operation  is  one  to  three — three  twenty-ton 
converters  supplying  sixty-ton  open-hearth  furnaces  with  metal, 
if  the  three  converters  are  blown  at  the  same  time,  which  is  the 
most  efficient  method,  and  the  metal  assembled  in  one  transfer 
ladle  for  removal  to  the  open  hearth.  Such  a  Bessemer  plant 
can  keep  four  or  five  open-hearth  furnaces  in  continuous  opera- 
tion. This  is  due  to  the  difference  in  time  required  by  the  Bess- 
emer and  open-hearth  purifications,  the  former  requiring  from 
15  to  20  minutes,  while  the  latter  average  from  90  to  110  minutes. 

In  practice,  pig  iron  is  poured  into  the  converters,  the  blast 
turned  on,  and  the  heats  blown,  until  in  the  judgment  of  the 
blower  the  metal  is  of  the  desired  carbon  content.  In  the  case 
of  high  phosphorus  iron,  the  blow  is  stopped  when  the  metal 
contains,  approximately,  1.00%  carbon;  while  if  the  phosphorus 
is  low,  the  metal  is  nearly  decarbonized.  In  either  case  the 
blown  metal  together  with  two  or  three  per  cent  of  lime,  to  give 
a  basic  slag,  is  charged  into  an  open-hearth  furnace ;  if  the  metal 
has  been  decarbonized,  10%  of  molten  pig  iron  is  added,  either 
in  the  transfer  ladle  or  in  the  open-hearth  furnace.  After  the 
metal  is  in  the  furnace  an  action  takes  place,  the  phosphorus 
oxidizes  and  enters  the  slag  as  phosphate  of  lime,  while  the 
carbon  is  removed  as  carbon  dioxide.  When  the  phosphorus  is 
within  the  specified  limits,  as  determined  by  a  rapid  laboratory 
analysis,  the  heat  is  tapped  and  the  proper  additions  for  the 
required  manganese  and  carbon  content  are  made  in  the  steel 
ladle. 

When  tapping  heats  from  the  open  hearth,  they  may  be 
caught  ** coming  down'',  or  recarburized  in  the  steel  ladle.  In 
the  first  case,  the  metal  is  tapped  when  the  carbon  content  of 
the  bath  is  within  the  limits  of  the  specifications  of  the  finished 
steel,  and  the  manganese  in  the  form  of  ferro  manganese  is  added 
in  the  steel  ladle.  The  disadvantage  of  the  method  is  that  the 
time  required  to  determine  the  carbon  in  the  sample  is  of  such 
duration  that  by  the  time  the  results  are  known,  the  metal  in 
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the  furnace  has  not  the  composition  it  had  when  the  test  was 
taken;  and  since  the  carbon  does  not  drop  uniformly,  heats  are 
tapped  from  time  to  time  that  do  not  come  within  the  prescribed 
limits.  When  the  steel  is  recarburized  in  the  ladle,  the  heat  is 
not  tapped  until  it  is  below  0.20%  carbon.  In  this  case,  molten 
Spiegel,  together  with  enough  iron  to  give  the  correct  manganese- 
carbon  content  in  the  steel,  is  poured  into  the  ladle  as  the  heat 
is  run  out  of  the  furnace.  This  method  has  been  found  to  give 
the  most  uniform  carbon  results  in  the  finished  steel. 

The  loss  in  the  duplex  process  is  greater  than  that  in  the 
straight  open-hearth  process,  but  this  is  largely  due  to  the  elim- 
ination of  carbon,  silicon,  etc.,  in  the  converter,  whereas  the 
scrap  in  the  ordinary  open-hearth  process  has  already  withstood 
such  a  loss  in  its  original  conversion.  To  satisfy  the  slag  in  the 
Bessemer  conversion,  two  per  cent  of  metallic  iron  is  oxidized 
in  the  converter;  this  together  with  a  small  loss  in  **shot"  and 
*' spittings"  is  the  only  loss  sustained  in  the  duplex  process 
not  common  to  both  processes,  working  with  the  same  materials. 

DISCUSSION 

Prof.  J.  W.  Bichards/  Mem.  A.  I.  M.  E.,  suggested  that  a  combina-  Prof, 
tion  of  three  processes  might  be  used  in  the  same  way  that  two  are  com-  Richarda. 
bined  in  the  Duplex  Process.  As  an  example  of  this,  a  combination  of 
the  Bessemer,  open-hearth  and  electric  processes  might  be  used.  The 
Bessemer  converter  is  a  great  fuel  economizer  and  should  not  be  dispensed 
with;  the  open- hearth  furnace  is  useful  in  keeping  heat  in  the  metal 
between  periods  of  working;  while  the  electric  furnace  may  be  used  to 
advantage  in  the  final  purification. 

Mr.  H.  J.  Kennedy  inquired  if  statistics  were  to  be  had  from  any        Mr. 
one  present  concerning  the  amount  of  steel  at  present  being  made  by  the   Kennedy. 
Duplex  Process. 

Prof.  Bicliards  replied  that  both  the  Maryland  and  Bethlehem  Steel     Prof, 
companies  are  producing  large  tonnages.  Richards. 

*  Lehigh  Uniyersitj,   So.  Bethlehem,  Pa. 
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Progress  in  chemistry  and  metallurgy  has  kept  pace  with 
the  world's  ever  increasing  demand  for  steel,  but  the  instrument 
with  which  to  apply  our  knowledge  has  not  always  been  at  hand. 
At  first  it  was  possible  to  obtain  steel-making  materials  in 
sufiicient  quantities  and  of  such  purity  that  steel  of  fine  quality 
could  be  made  by  a  simple  process  requiring  little  real  technical 
knowledge.  As  the  demand  for  steel  grew,  and  with  it  the  neces- 
sity of  lowering  the  cost,  the  supply  of  pure  material  did  not 
sufiice  to  meet  both  these  conditions.  New  processes  were  in- 
vented by  which  steel  could  be  made  by  the  elimination  of  dele- 
terious elements  in  the  raw  material  by  the  use  of  various  chemi- 
cal reactions.  The  Acid  Bessemer,  Acid  Open  Hearth,  Basic 
Bessemer  and  Basic  Open  Hearth  processes  followed  one  after 
the  other.  Tremendous  tonnages  were  made  by  these  processes, 
but  they  did  not  displace  the  crucible  when  the  highest  grade  was 
required. 

All  our  processes  required  the  application  of  heat,  and  all 
known  means  of  applying  heat  carried  with  them  oxidizing  con- 
ditions from  which  we  were  not  able  to  protect  the  material 
under  treatment.  We  could  eliminate  objectionable  metalloids, 
and  we  could  add  alloys  giving  various  striking  and  beneficial 
qualities,  but  our  only  means  of  getting  rid  of  oxygen,  for  which 
steel  has  such  a  greedy  appetite,  was  by  the  introduction  of 
materials  which  had  a  still  greater  affinity  for  oxygen,  but  which 
could  never  grasp  the  last  traces  of  oxygen,  and  which  left  in 
the  steel  certain  quantities  of  their  own  oxides. 

Though  the  oxides  in  steel  are  often  more  deleterious  than 
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moderate  quantities  of  the  supposedly  more  objectionable  ele- 
ments, there  has  been  more  or  less  mystery  about  them  because  a 
ready  and  practiced  every  day  method  of  measuring  the  quan- 
tities of  these  oxides  in  all  the  steel  we  make  has  not  been  intro- 
duced. But  the  reason  why  we  did  not  succeed  in  making  the 
highest  grades  of  steel  in  large  quantities  was  because  of  the  lack 
of  an  instrument  rather  than  lack  of  knowledge. 

The  discovery  of  the  electric  furnace  gave  us  the  instrument 
we  require  to  make  steel  free  from  all  the  objectionable  elements, 
including  oxygen  and  sulphur.  In  this  process  we  use  a  clean 
heat.  Whether  we  employ  the  arc  furnace  or  the  induction  fur- 
nace, the  use  of  kilowatts  instead  of  flame  can  in  no  way  add 
oxygen  to  the  metal.  Certain  elements,  as  carbon  and  phos- 
phorus, must  first  be  oxidized  before  their  elimination,  and  it  is 
necessary  to  introduce  materials,  such  as  iron  ore,  to  give  up  their 
oxygen  to  the  elements  to  be  burned.  When  this  is  done  we  can 
proceed  to  purify  the  metal  bath  from  all  contaminating  oxides, 
because  an  overlying  slag  is  supplied  which  absorbs  the  oxides, 
which  are  in  turn  broken  up,  allowing  the  oxygen  to  unite  with 
carbon  and  pass  out  of  the  furnace  as  a  gas. 

We  have  in  the  electric  furnace  not  only  a  neutral  or  non- 
oxidizing  condition,  but  a  really  reducing  condition.  We  are  able 
to  throw  sulphur  into  a  basic  slag,  as  in  the  blast  furnace,  where 
the  process  is  one  of  reduction,  but  with  the  conditions  existing 
in  the  electric  furnace  we  can  eliminate  the  traces  of  sulphur 
which  cannot  be  removed  in  the  blast  furnace. 

Now  that  the  instrument  as  well  as  the  knowledge  has  been 
secured,  the  use  of  the  electric  furnace  in  steel  making  must  be- 
come general  unless  some  still  more  perfect  method  is  devised, 
and  provided  that  electric  steel  can  compete  with  steel  made  by 
other  processes  in  cost  of  production. 

The  growth  in  the  use  of  the  electric  furnace  has  been  rapid, 
considering  that  the  process  is  hardly  more  than  ten  years  old. 
That  upward  of  one  hundred  and  fifty  furnaces  have  been  in- 
stalled in  many  different  countries  shows  not  only  that  the  in- 
terest in  the  electric  furnace  is  general  and  widespread,  but  that 
many  men  have  invested  their  money  to  back  their  opinions,  and 
they  are  now  getting  handsome  returns  on  their  investment. 

Up  to  this  time  installations  consisting  of  units  larger  than 
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twenty  tons  have  not  been  made.  When  it  was  demonstrated 
that  electric  steel  is  equal  in  every  way  to  crucible  steel,  installa- 
tions were  made  w^ith  the  object  of  displacing  the  high  grade  but 
expensive  crucible  steel,  and  the  furnaces  used  were  of  a  size  to 
conform  to  the  requirements  of  crucible  output. 

The  reduction  in  cost  of  the  electric  process  over  the  crucible 
gave  a  good  margin  of  profit.  Experience  showed  that  the  bet- 
ter grades  of  steel,  especially  alloy  steels,  which  though  being 
made  in  the  open  hearth  furnace,  commanded  higher  prices  than 
the  commoner  grades,  could  be  made  still  better  in  the  electric 
furnace  and  with  profit.  The  consumer  wished  crucible  quality, 
but  could  not  pay  crucible  price,  although  able  and  willing  to  pay 
a  higher  price  than  that  of  ordinary  basic  open  hearth.  The 
automobile  industry  was  largely  responsible  for  this  demand. 

The  possibility  of  adding  alloys  to  the  steel,  such  as  vana- 
dium, in  the  electric  furnace  without  oxidation,  and  also  of  melt- 
ing alloy  scrap  without  any  loss  of  the  valuable  alloy,  often  com- 
pensates for  the  cost  of  operating  the  electric  furnace.  The  same 
fact  is  utilized  at  a  number  of  Bessemer  and  open-hearth  steel 
works,  where  ferro-manganese  is  melted  in  an  electric  furnace 
and  added  to  the  steel  in  the  molten  condition.  The  better  de- 
oxidation  of  the  steel  in  the  ladle  by  the  use  of  molten  ferro- 
manganese  greatly  improves  its  quality.  At  the  same  time,  the 
loss  of  ferro-manganese  which  is  experienced  when  it  is  placed 
in  the  bath  in  the  open  hearth  furnace  or  melted  in  a  cupola  is 
avoided. 

Electric  steel  is  now  being  extensively  used  for  such  products 
as  tires,  axles,  seamless  tubes  and  small  castings.  The  fact  that 
electric  steel  lends  itself  to  heat  treatment  more  readily  than 
other  kinds  of  steel,  both  as  regards  greater  range  of  temperature 
and  absence  of  cracking  in  the  quenched  piece,  and  that  there  is 
less  loss  due  to  defective  material  after  machining  in  the  machine 
shop,  also  gives  this  steel  a  preference  even  at  higher  prices. 

Many  have  doubted  if  electric  steel  can  ever  be  made  for 
such  low-priced  products  as  rails  and  structural  material  so  as  to 
compete  with  open  hearth  steel.  I  believe  that  the  solution  of  this 
problem  depends  upon  the  adoption  of  the  proper  combination 
process  by  which  the  roughing  down  work  will  be  done  by  one 
or  several  of  the  older  methods  using  cheap  fuel,  and  the  finish- 
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ing  or  final  refining  done  in  the  electric  furnace.  Both  the  acid 
and  the  basic  Bessemer  and  the  open  hearth  have  been  used  to 
supply  molten  metal  to  the  electric  furnace.  The  finishing  has 
been  done  in  both  basic  and  acid  electric  furnaces. 

In  the  basic  electric  furnace  both  dephosphorization  and 
desulphurization  can  be  performed,  and  it  can  be  supplied  with 
a  metal  only  partially  refined,  while  the  acid  electric  furnace 
should  be  supplied  with  a  metal  from  which  both  phosporus  and 
sulphur  have  been  removed,  requiring  greater  preliminary  refin- 
ing— going  back  even  to  the  blast  furnace. 

During  the  last  two  or  three  years  rapid  strides  have  been 
made  with  the  Duplex  or  Bessemer- Open  Hearth  process,  and 
costs  are  being  obtained  which  compensate  for  the  excessive  metal 
loss  in  the  Bessemer  part  of  the  process.  It  may  be  that  the 
Duplex  process  in  connection  with  either  the  basic  or  acid  elec- 
tric furnace  will  give  us  the  solution.  However,  enough  has  been 
already  done  with  the  manufacture  of  the  heavier  or  lower  priced 
products  to  indicate  that,  provided  it  is  turned  out  in  producing 
units  of  equal  size,  the  total  cost  of  electric  steel  will  be  near 
enough  to  that  of  open  hearth  steel,  so  that  the  manufacturer  can 
afford  to  stand  the  difference  in  order  to  give  the  consumer  qual- 
ity, the  requirements  for  which  are  constantly  growing  more 
rigid. 

The  possibility  of  bringing  the  cost  of  the  two  steels  near 
together  will  appear  more  feasible  if  we  consider  such  incidental 
savings  as  the  use  of  cheap  pig  iron  at  the  beginning  of  the 
process  and  the  smaller  discard  of  rolled  product  due  to  having 
an  ingot  free  from  segregation. 

In  Germany,  Luxembourg  and  eastern  France,  the  electric 
furnace  is  the  best  apparent  solution  of  a  condition  which  is  a 
menace  to  the  steel  industry  of  those  countries. 

While  the  high  phosphorus  ores  of  Luxembourg  and  Lor- 
raine, together  with  the  basic  Bessemer  process,  made  possible  the 
great  steel  development  of  Germany,  the  quality  of  basic  Besse- 
mer steel  does  not  today  give  it  a  standing  with  open-hearth  steel, 
while  the  demand  for  better  quality  is  daily  growing.  On  the 
other  hand,  basic  Bessemer  steel,  after  refining  in  the  electric 
furnace,  is  superior  to  open-hearth  steel.  The  manufacture  of 
electric  steel  by  this  method  was  begun  in  Germany  several  years 
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ago,  and  has  in  moderate  quantities  been  made  into  all  kinds  of 
steel  products.  It  seems  probable  that  the  American  steel  manu- 
facturer will  find  it  necessary  to  adopt  electric  steel  to  meet  the 
competition  which  he  will  meet  in  the  world's  markets. 

It  has  been  remarked  that  the  progress  of  electric  steel  man- 
ufacture in  America  has  been  slow  as  compared  with  that  in 
Europe,  but  the  indications  are  that  this  relation  will  soon  be 
reversed.  It  was  natural  that  the  invention  of  the  electric  fur- 
nace should  be  made  in  countries  where  cheap  hydro-electric 
power  was  already  in  extensive  use  for  other  electro-chemical 
processes,  but  it  was  only  a  couple  of  years  before  the  first  elec- 
tric furnace  was  installed  in  the  United  States.  We  must  also 
remember  that  the  first  large  furnace,  namely,  one  of  fifteen  tons 
capacity,  requiring  electrodes  two  feet  in  diameter,  a  then  un- 
heard of  size  for  steel  furnace  use,  was  built  here ;  also  that  this 
furnace  was  the  first  to  use  three-phase  electric  current,  which 
adapted  it  to  utilize  the  kind  of  current  in  general  commercial 
use. 

There  are  now  either  built  or  building  over  forty  electric 
furnaces  in  America,  of  which  there  are  twenty-seven  of  the 
Heroult  type  alone.  The  average  size  of  these  furnaces  is  also 
greater  than  the  average  size  in  Europe. 

If  the  electric  furnace  be  used  for  the  further  refining  of 
steel  made  in  present  installations  of  the  older  processes,  as  now 
seems  probable,  the  amount  of  electric  steel  produced  should  then 
eventually  be  commensurate  with  that  now  being  produced  by^ 
those  processes;  and  it  follows  that  electric  steel  production  in 
the  United  States  will  exceed  that  of  any  other  country. 

DI8CX788ION 

Prof.  Prof.  J.  W.  BichardB,**  Mem.  A.  I.  M.  E.,  remarked  that  in  the  near 

Richards,  future,  in  his  opinion,  the  finishing  process  in  the  manufacture  of  aU 
grades  of  steel  would  be  conducted  in  the  electric  furnace.  The  possi- 
bilities for  the  extensive  development  of  electric  furnace  practice  on  the 
Pacific  Coast  of  North  America  were  also  suggested. 

**  Lehigh  University,  So.  Bethlehem,  Pa. 
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In  a  thoroughly  deoxidized  steel  the  freezing  or  solidifica- 
tion is  of  the  so-called  '4and-locking"  type  and  depends  upon 
the  shape  of  the  horizontal  cross-section  of  the  ingot  at  its  vari- 
ous planes  from  top  to  bottom,  and  also  upon  the  heat  absorptive 
quality  of  the  mold  and  the  degree  of  the  so-called  "lag"  in 
freezing  of  the  steel. 

When  thoroughly  deoxidized,  the  liquid  steel  as  it  is  poured 
into  the  mold  has  a  volume  of  approximately  6%  greater  than 
in  the  solidified  ingot,  and  as  the  outer  portion  of  the  ingot 
necessarily  cools  or  solidifies  first,  a  void  obviously  occurs  ir. 
some  portion  of  the  ingot  during  the  process  of  solidification. 
To  force  this  cavity  or  the  unsound  material  surrounding  the 
same  to  the  upper  portion  of  the  ingot  must  be  the  primary 
object  of  all  successful  pipe  reducing  devices. 

Sir  Robert  Hadfield's  methods*  of  utilizing  a  blow  pipe  in 
conjunction  with  a  supply  of  charcoal  placed  within  a  refractory 
sink-head  into  which  the  upper  portion  of  the  molten  steel  of  the 
ingot  extends,  unquestionably  locates  the  piped  or  unsound  ma- 
terial at  the  extreme  top  of  the  ingot.  The  author  has  examined 
split  **Hadfield"  ingots  which  have  been  sent  to  this  country 
and  which  had  less  than  5  per  cent  of  piped  material. 

Mr.  E.  F.  Kenney  has  recently  proposed  a  special  form  of 
combined  metal  and  refractory  material  sink-head,  which,  when 
used  with  big-end-up  molds,  produces  most  excellent  results,t 
the  novelty  of  the  Kenney  design  being  in  the  combination  of  a 
refractory  and  a  metallic  sink-head,  the  proposition  being  to 

'British  Iron  &  Steel  Institute,  September,  1912. 
t American  Iron  &  Steel  Institute,  May,  1915. 
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strip  the  ingot  from  the  mold  with  the  refractory  sink-head  re- 
maining on  the  ingot.  The  stripping  can  thus  be  accomplished 
much  earlier  than  is  possible  by  Hadfield's  method,  thus  utiliz- 
ing to  a  large  degree  the  initial  heat  of  the  ingot  and  requiring 
less  time  in  the  re-heating  pits  preparatory  to  working  of  the 
steel. 

How  to  accomplish  the  reduction  of  pipe  in  a  commercial 
manner  at  a  minimum  expense  and  without  upsetting  the  ad- 
ministrative mill  practice  of  present  plants  is  the  problem. 

An  ingot  with  its  larger  horizontal  cross-sectional  area  at 
the  top  is  without  question  the  best  shape  for  obtaining  the  im- 
portant so-called  '*lag"  in  freezing  or  solidification  of  the  steel, 
and  whenever  such  large-end-up  ingots  can  be  conveniently  used, 
it  is  the  best  practice  to  do  so. 

The  writer  has  proposed  a  method^  which  he  believes  will 
solve  the  problem,  and  which  is  at  the  present  time  being  in- 
stalled at  one  of  the  works  of  the  United  States  Steel  Corpora- 
tion, but  is,  however,  still  in  an  experimental  stage  and  can, 
therefore,  not  as  yet  be  considered  in  the  commercial  production 
of  sound  steel.  Nearly  all  of  our  large  mills  are  so  equipped  in 
an  administrative  way  of  handling  and  stripping  of  the  ingots 
from  the  molds  that  it  is  practically  impossible  to  utilize  big- 
end-up  practice  without  extensive  changes  in  equipment.  This 
is  especially  true  in  the  production  of  rail  steels  where  tonnage 
must  be  produced  in  order  not  to  incur  prohibitive  expense 
which  might  offset  any  advantage  obtained  by  lessened  crop. 
The  writer  employs  means  in  ordinary  big-end-down  ingots  to 
greatly  accelerate  the  freezing  or  solidifying  of  the  lower  or 
body  portion  of  the  ingot,  and  by  increased  differential  or  lag 
in  cooling  of  the  upper  portion  of  the  ingot  providing  liquid 
metal  to  supply  uninterrupted  feeding  to  compensate  for  the 
decrease  in  volume  caused  by  the  contraction  of  the  feeding  or 
solidification  of  the  lower  and  body  portion  of  the  ingot.  This 
has  been  accomplished  by  giving  the  lower  70  or  80  per  cent  of 
the  metallic  mold  in  which  the  ingot  is  cast  a  much  greater 
degree  of  heat  absorptive  quality  than  the  upper  30  or  20  per 
cent  thereof.  This  construction  will  be  best  understood  by  re- 
ferring to  the  annexed  drawing.     This  type  of  mold  is  in  daily 
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use  under  usual  furnace  and  mill  conditions  at  a  number  of 
large  steel  plants,  hundreds  of  thousands  of  tons  of  steel  having 
been  made  by  this  method. 


/ 

/  / 

% 

A  mold  with  heavy  lower  body  walls  and  thin  upper  walls, 
'per  se,  properly  designed,  will  produce  a  sound  homogeneous 
ingot  with  about  a  20  per  cent  top  crop  in  split  ingots  of  dead 
killed  steel,  which  is  about  15  per  cent  less  than  is  usually  nec- 
essary in  cropping  cold  ingots  made  in  the  old  type  of  mold  of 
like  grade  of  steel. 
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The  theoretically  ideal  method  of  making  sound  homogene- 
ous steel  with  a  minimum  crop,  to  rid  same  of  segregation  and 
piped  section,  is  undoubtedly  with  the  big-end-up  mold — as  pro- 
posed by  Professor  Howe,  Sir  Robert  Hadfield,  Mr.  Kenney,  the 
writer  and  others — ^as  the  increasingly  large  area  of  the  ingot 
towards  the  top  compensates  automatically  for  any  irregularities 
in  the  heat  of  steel  and  teeming  practice. 

In  the  commercial  production  of  sound  ingots  and  blooms, 
tonnage  and  quality  must,  however,  be  jointly  taken  into  con- 
sideration; and  this  being  the  case,  it  will  be  some  time,  in  the 
writer's  opinion,  before  the  big-end-up  displaces  the  big-end- 
down  type  of  mold,  except  for  special  grades  of  steel.  The  big- 
end-down  mold  with  heavy-walled  body,  light-walled  top  and 
fitted  with  a  suitable  sink-head  or  feeder  certainly  gives  a  tre- 
mendous advance  in  the  assurance  of  sound  material  and  lessened 
crop,  as  compared  to  the  ordinary  method  of  casting.  Reports 
from  mills  using  these  methods  show  that  a  very  considerable 
saving  has  been  effected  and  that  good  steel  is  made  better  in  all 
cases  where  the  molten  steel,  per  se,  has  been  made  sound  by 
thorough  degasification,  which  latter  is  without  question  the  first 
essential  requisite  for  the  production  of  sound  homogeneous 
steel,  be  it  by  the  Hadfield,  Kenney 's,  the  author's,  or  any  other 
method. 

DISCUSSION 

Prof.  Prof.  A.  O.  ItawBon,*  Mem.  A.  I.  M.  E.,  inquired  whether  qualified 

LawBon.  observers  had  ever  noted  any  peculiarities  in  the  crystallization  of 
the  incrustations  found  on  the  inside  of  voids  left  in  iron  and  steel 
castings. 

Prof.  Prof.  J.  W.  Richards,**  Mem.  A.  I.  M.  E.,  replied  that  the  crystalli- 

Richards.  zation  of  these  incrustations  had  been  noted  by  several  observers  and 
that  specimens  were  to  be  seen  in  several  mineralogical  museums. 

He  doubted  if  many  steel  makers  would  agree  that  it  is  best  to  com- 
pletely deoxidize  or  *'\ii\l*'  the  metal  before  casting,  as  he  claimed  that 
steel  makers  usually  prefer  a  partially  deoxidized  metal  so  that  a  few 
small  blow-holes,  which  are  of  some  advantage  in  the  subsequent  rolling 
process,  will  be  left  in  the  casting.  He  agreed,  however,  with  Mr.  Gath- 
mann  that  the  best  method  is  to  completely  deoxidize  the  steel,  relying 
on  improved  methods  of  casting  to  overcome  piping. 
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Mr.  O.  M.  Baton,***  Mem.  A.  I.  E.  E.,  inquired  if  there  were  not    Mr. 
danger,  in  the  proposed  method  of  casting,  of  weakening  the  metal  in  the  *'****"• 
lower  part  of  the  ingot  at  the  junction  of  the  completely  deoxidized  and 
partially  deoxidized  metal. 

Mr.  H.  C.  Parmelee****  inquired  if  any  physical  change  of  segrega-       Mr. 
tion  of  the  constituents  could  be  noted  as  a  result  of  piping.     He  said  Parmelee. 
that  within  his  experience  an  examination  of  samples  taken  from  different 
portions  of  a  defective  steel  rail  showed  from  two  to  three  times  as  much 
sulphur  and  phosphorus  in  the  head  of  the  rail  as  in  the  web. 

Professor  Bichards  replied  that  it  was  quite  unlikely  that  the  steel     Prof. 
was  a  **dead"  steel  which  would  pipe  readily.  Richards. 

Mr.  Eaton  said  that  he  had  knowledge  of  a  series  of  different  por-    Mo- 
tions of  a  large  ingot  which  had  been  completely  deoxidized  before  cast-  ^'^^^°' 
ing,  and  that  samples  from  different  parts  of  the  ingot  showed  no  segre- 
gation of  the  constituents. 

Mr.  J.  W.  Beckman*  inquired  as  to   the   nature  of  the  insulating       Mr. 
material  used  in  Gathmann's  process  of  casting.  Beckman. 

Professor  Bichards  replied  that  it  must  have  been  fire  clay,  and  that     Prof, 
the  clay  must  necessarily  go  to  waste  when  the  ingot  is  "cropped".  Richards. 

***  Pittsburgh,  Pa. 
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Steel  can  broadly  be  defined  as  an  alloy  of  iron  and  carbon 
that  can  be  forged  and  rolled.  From  expediency  and  necessities 
of  manufacture,  certain  impurities  beneficial  or  otherwise  are 
present,  but  not  in  sufficient  amounts  to  materially  alter  the 
characteristics  of  the  pure  alloy  of  iron  and  carbon. 

Under  this  definition,  steel,  or  as  it  is  now  often  referred  to, 
carbon  steel,  is  usually  within  the  following  maximum  compo- 
sition : 

Carbon,  1.50%. 
Manganese,  1.00%. 
Silicon,  0.35%. 
Phosphorus,  0.059? . 
Sulphur,  0.05%. 

An  **  alloy ''  steel  is  steel  alloyed  with  one  or  more  metals,  in 
sufficient  amounts  to  influence  or  change  the  characteristics  of 
stool,  and  still  possible  of  forging  or  rolling. 

The  usual  steel  alloying  metals  are  Manganese,  Silicon, 
Xiekel,  Chromium,  Tungsten  and  Vanadium.  As  these  metals 
will  all  alloy  with  each  other,  it  is  evident  that  it  is  possible  to 
obtain  a  great  variety  of  alloy  steels. 

Stool  containing  upwards  of  1.50%  manganese  is  not  com- 
monly considered  an  alloy  stool,  although  this  percentage  of 
manganese  undoubtedly  has  some  effect  on  the  characteristics  of 
steel.    This  is  duo  no  doubt  to  the  fact  that  manganese  is  always 

present  in  stool. 

The  allov  stools  are  usually  divided  into  two  groups:     **ter- 
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nary"  steels,  with  one  metal  alloyed,  and  ^'quarternary"  steels, 
with  two  metals  alloyed.  The  more  complex  alloy  steels  are  prac- 
tically limited  to  high-speed  tool  steels. 

The  general  characteristics  of  alloy  steels  are  high  elastic 
limit  and  great  strength,  combined  with  a  high  degree  of  tough- 
ness as  compared  with  the  carbon  steel  with  which  they  are 
alloyed.  The  strength  and  hardness  can  be  enormously  increased 
by  heat-treatment  (quenching  and  tempering)  and  still  have  the 
steel  retain  great  toughness. 

Alloy  steels  are  not  as  a  rule  placed  in  service  in  the  condi- 
tion as  forged  or  rolled.  The  forging  and  rolling  temperatures 
are  usually  so  high  that  the  steel  requires  heat-treatment  to  re- 
fine the  grain  and  develop  the  exact  combination  of  strength, 
hardness  and  toughness  desired.  It  is  frequently  necessary  to 
anneal  after  forging  in  order  to  facilitate  machining  operations. 
This,  of  course,  necessitates  subsequent  heat-treatment. 

Most  of  the  alloy  steels  are  of  medium  or  low  carbon  con- 
tent. The  corresponding  simple  or  carbon  steels  are  only  slightly 
or  moderately  improved  in  strength  by  heat-treatment. 

The  use  of  alloy  steels  in  cutting  tools  dates  back  nearly  a 
hundred  years,  although  it  was  not  until  after  1850  or  1860  that 
alloy  steels  for  this  purpose  became  firmly  established. 

With  the  advent  of  iron-clad  warships  began  the  struggle 
for  supremacy  between  projectile  and  armor  plate  that  has  been 
so  fruitful  in  the  development  of  alloy  steels.  Chromium,  nickel 
and  nickel-chromium  steels  are  largely  the  result  of  this  struggle. 

The  publication  in  1888  by  Hadfield  of  the  results  of  an 
extensive  research  of  the  alloys  of  manganese  and  steel,  which 
resulted  in  the  discovery  of  a  remarkable  new  alloy  steel,  marks 
a  period  of  active  investigation  into  the  effect  of  other  metals  on 
steel.  The  most  important  of  these  were  the  investigations  on 
nickel  steels  by  Jas.  Eiley  in  1889,  which  demonstrated  that  a 
mild  open-hearth  steel,  such  as  used  for  structural,  general  forg- 
ing and  machinery  purposes,  when  alloyed  with  3%  to  4%  nickel 
had  considerably  higher  elastic  limit  and  tensile  strength,  with 
practically  the  same  or  greater  ductility.  One  of  the  earliest 
and  most  extensive  applications  of  nickei  steel  was  for  armor 
plate.  For  many  years  nickel  steel  was  the  principal  alloy  steel 
in  use. 
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During  this  same  period  referred  to,  Hadfield  made  investi- 
gation of  the  eflfects  of  silicon  on  steel,  and  also  a  very  complete 
study  of  chromium  steels,  which  for  some  time  had  been  used 
in  a  small  way  for  springs  and  special  forgings,  but  principally 
for  tools  and  armor-piercing  projectiles. 

The  development  of  high-speed  steel  about  1900,  making  it 
possible  to  readily  machine  heat-treated  alloy  steels,  and  the 
advent  of  the  automobile  with  its  demand  for  superior  steel,  have 
brought  about  the  present  extensive  use  and  development  of  alloy 
steels. 

The  automobile  industry,  with  its  demand  for  steel  of  high 
strength  and  durability,  has  been  undoubtedly  the  most  import- 
ant factor  in  the  development  of  commercial  alloy  steels,  and  the 
largest  consumer.  Alloy  steels  are  used  extensively  for  trans- 
mission gears  and  shafting,  axles,  steering  levers  and  spindles, 
springs,  chassis  frames,  crank  shafts,  cam  shafts,  connecting  rods, 
valves  and  many  other  parts  of  automobiles. 

They  are  also  extensively  employed  in  forgings  for  high- 
speed engines,  marine  engines,  locomotives,  electrical  machinery, 
mining  machinery  and  other  mechanical  engineering  structures. 

The  use  of  alloy  steels  in  bridge  construction  has  been  lim- 
ited, but  there  is  undoubtedly  a  field  in  long-span  bridges  for  an 
alloy  steel  of  high  strength  that  can  be  used  in  the  condition  as 
rolled,  preferably,  or  at  most  with  a  simple  annealing. 

Coincident  and  having  a  marked  influence  on  the  develop- 
ment of  alloy  steels,  was  the  discovery  of  large  deposits  of  vana- 
dium ore  in  Peru,  thus  assuring  a  source  of  supply  at  a  reason- 
able cost  of  this  rare  metal,  which  is  the  most  powerful  yet  dis- 
covered for  alloying  with  steel,  that  is,  in  small  amounts. 

The  most  important  of  the  engineering  or  constructural  alloy 
steels  are  those  containing  nickel,  chromium  and  vanadium, 
singly  or  in  combination.  With  all  these  steels  it  is  possible, 
through  heat-treatment,  to  obtain  a  tremendous  range  in  strength, 
in  round  numbers  varying  from  100,000  to  250,000  pounds  per 
square  inch,  depending  also,  of  course,  upon  the  size  of  the 
section. 

It  is  not  possible  nor  within  the  province  of  this  paper  to  go 
deeply  into  the  technology  of  alloy  steels,  but  only  to  briefly  de- 
scribe the  principal  alloy  steels  and  their  characteristics. 
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Manganese  Steel. 

This  steel  usually  contains  10%  to  13%  of  manganese  and 
approximately  1%  of  carbon.  It  is  practically  non-magnetic  and 
has  a  peculiar  hardness  to  which  it  owes  a  remarkable  resistance 
to  abrasion.  It  is  extremely  difiScult  to  machine.  It  has  high 
strength  and  toughness,  but  relatively  low  elastic  limit.  With 
care  it  can  be  forged  and  rolled-  It  has  found  its  principal  appli- 
cation in  castings  for  crushing  and  grinding  machinery  and  rail- 
road crossings.  Manganese  steel  has  the  peculiar  property  of 
being  toughened  and  softened  by  quenching  in  water,  resembling 
copper  in  this  respect.  All  manganese  steel  castings  are  sub- 
jected to  this  treatment  to  remove  brittleness. 

Silicon  Steel 

There  are  two  types  of  silicon  steel,  one  of  which  has  found 
some  application  as  an  engineering  steel.  This  steel,  frequently 
called  silico-manganese  steel,  is  generally  covered  by  the  follow- 
ing limits  of  composition : 

Carbon,  0.45%  to  0.65%, 
Silicon,  1.50%  to  2.00%, 
Manganese,  0.50%  to  0.80%  ; 

the  manganese  is  normal,  contrary  to  what  is  indicated  by  the 
name.  The  principal  application  of  this  steel  is  for  automobile 
springs,  and  to  some  extent  for  gears.  It  fibers  readily  through 
heat-treatment,  and  is  very  brittle  in  the  direction  at  right 
angles  to  rolling.  It  is  very  sensitive  to  heat-treatment,  and  a 
relatively  small  variation  in  annealing  temperature  after  quench- 
ing has  a  strong  effect  on  the  results  obtained. 

The  other  type  of  silicon  steel  contains  3%  to  5%  silicon,  is 
low  in  carbon  and  manganese  and  is  extensively  used  for  electri- 
cal transformer  sheets  on  account  of  its  high  permeability  and 
electrical  resistance.  Structurally,  it  is  weak  and  has  no  con- 
structural  value. 

Nickel  Steel. 

Nickel  alloys  with  steel  in  all  proportions,  but  by  far  the 
most  important  nickel  steel,  from  an  engineering  standpoint,  is 
the  low-  and  medium-carbon  steel  with  3%  to  4%  of  nickel,  com- 
monly known  as  Zy^Jo  nickel  steel.  The  presence  of  manganese 
in  nickel  steel  is  very  essential,  as  it  has  a  marked  effect  on  the 
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mechanical  properties.  The  amount  of  manganese  should  range 
from  0.50%  to  0.80%.  This  steel  has  been  extensively  used  since 
its  introduction  in  1889,  and  is  a  good  all-round  engineering  and 
structural  steel  with  considerably  higher  elastic  limit  and  tensile 
strength  than  the  corresponding  carbon  steel,  and  with  practi- 
cally the  same  degree  of  ductility.  The  low-carbon  steel,  0.10% 
to  0.20%  carbon,  is  used  extensively  for  case-hardening  parts.  It 
case-hardens  more  readily  than  carbon  steel  and  gives  a  harder 
casing  with  a  strong,  tough,  fibrous  core.  A  great  deal  of  nickel 
steel  with  carbon  from  0.20%  to  0.35%  has  been  used  in  shapes 
and  plates  as  rolled,  and  in  annealed  eye-bars  for  bridge  con- 
struction. In  this  condition,  which  is  not  to  be  recommended  for 
f orgings,  the  following  are  typical  physical  properties  : 

Elastic  limit,  lbs.  per  sq.  in 45,000  to     60,000 

Tensile  strength,  lbs,  per  sq.  in 80,000  to  100,000 

Elon^tion  in  2  inches,  percent 20%  to  15% 

Reduction  of  area,  percent 40%  to  25% 

Annealed  nickel  steel  forgings  have  only  slight  advantage  in 
strength  over  carbon  steel,  and  consequently  are  not  advan- 
tageous, either  from  an  engineering  standpoint  or  commercially, 
unless  heat-treated.  With  heat-treatment  it  gives  considerably 
higher  strength  than  carbon  steel,  combined  with  greater  duc- 
tility or  toughness.  It  does  not  give  as  high  values  as  the  nickel- 
chromium  and  chromium-vanadium  steels.  Nickel  steel  rolls  and 
forges  readily  and  machines  easily.  It  develops  a  very  thick, 
hard  scale  which  is  apt  to  give  considerable  trouble  in  drop- 
forging  and  is  hard  on  the  dies.  Nickel  steel  is  also  very  liable  to 
develop  seaminess,  especially  when  made  in  large  heats  and  cast 
into  large  ingots,  as  is  now  customary.  It  requires  a  larger  dis- 
card to  ensure  soundness.  The  use  of  nickel  steel  in  forgings, 
and  particularly  drop-forgings,  is  falling  off  in  favor  of  other 
alloy  steels  with  greater  values. 
Chromium  Steel. 

The  use  of  this  steel  is  confined  principally  to  a  few  special- 
ties and  it  is  not  in  general  use  as  an  all-round  engineering  steel. 
One  of  the  principal  uses  is  for  balls  and  ball  races.  The  great 
mineralogical  hardness  obtained  by  quenching  is  very  desirable 
for  this  purpose.  The  steel  for  this  application  contains  approx- 
imately 1%  each  of  carbon  and  chromium. 
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Chromium  steel  is  also  used  for  stamp-mill  shoes,  and  in 
combination  with  soft  steel  in  laminated  plates  for  construction 
of  burglar-proof  safes,  and  in  the  same  combination  in  bars  for 
jails. 

The  low-  and  medium-carbon  types,  containing  0.80%  or 
less  of  chromium,  have  somewhat  higher  mechanical  properties 
than  the  corresponding  carbon  steel.  They  are  not  used  to  any 
great  extent,  other  alloy  steels  being  superior,  both  in  static  and 
dynamic  strength.  Chromium  steel  is  also  very  liable  to  crack  and 
check  in  heat-treatment. 

Nickel-Ohromium  Steel. 

The  addition  of  chromium  to  nickel  steel  has  a  marked  effect, 
greatly  increasing  the  strength  and  resistance  to  shock  and  par- 
ticularly the  mineralogical  hardness.  It  is  more  difficult  to  forge 
and  heat-treat  and  harder  to  machine,  and  is  also  liable  to  the 
seaminess  frequently  present  in  nickel  steel.  There  are  three 
types  of  this  steel,  differing  both  in  the  percentage  of  nickel  and 
chromium,  and  all  with  low  or  medium  carbon: 

Nickel  Chromium  Carbon 

1st  3.5%  1.50%  0.25%  to  0.45% 

2iid   2.0%  1.00%  0.10%  to  0.45% 

3rd    1.5%  0.50%  0.10%  to  0.45% 

The  first  type  is  used  principally  for  armor  plate  and  armor- 
piercing  projectiles  and  came  into  use  about  1895,  superseding 
the  nickel  plates  and  chromium  projectiles.  The  other  two  types 
were  developed  by  the  automobile  industry.  The  second  type  is 
used  largely  for  automobile  forgings.  It  gives  high  strength  with 
heat-treatment,  has  great  hardness  and  good  shock-  and  fatigue- 
resisting  qualities.  The  third  type  is  a  largely-used,  all-round 
engineering  steel.  It  is  used  for  automobile  forgings  and  for  a 
variety  of  miscellaneous  drop-forgings  and  machine  parts.  It  is 
an  excellent  case-hardening  steel,  carbonizing  readily.  This  type 
is  more  tractable  in  working,  heat-treating  and  machining  than 
the  other  two.    It  is  also  somewhat  lower  in  tensile  strength. 

Vanadium  Steel. 

The  addition  of  small  amounts  of  vanadium,  generally  under 
0.25%,  to  simple  carbon  steel  or  any  of  the  alloy  steels  increases 
very  considerably — about  30%  or  more — the  elastic  limit  and 
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breaking  strength,  without  materially  affecting  the  ductility.  To 
an  even  greater  extent  it  increases  the  resistance  to  shock  and 
fatigue. 

The  vanadium  steel  which  has  been  up  to  now  most  generally 
used  is  a  chromium-vanadium  steel  of  the  following  typical  com- 
position : 

Carbon,  0.10%  to  0.55%. 
Manganese,  0.50%  to  0.80%. 
Chromium,  0.80%  to  1.00%. 
Vanadium,  over  0.15%. 

The  lower  carbon  type,  0.10%  to  0.20%,  is  used  mainly  for 
case-hardening  and  is  the  best  steel  for  this  purpose.  It  carbon- 
izes readily,  gives  the  highest  maximum  carbon  and  finest  grain. 
The  casing  is  very  strongly  coherent  to  the  core,  very  hard,  tough 
and  strong  and  practically  free  from  any  tendency  to  flake  or 
powder.    The  core  is  remarkably  strong  and  tough. 

The  higher  limits  of  carbon,  0.45%  to  0.55%,  are  extensively 
used  for  automobile  and  locomotive  springs,  giving  remarkable 
resiliency  and  endurance.  They  are  also  extensively  used  for  oil- 
tempered  gears. 

The  range  in  carbon  from  0.35%  to  0.45%  is  largely  em- 
ployed for  crank  shafts,  locomotive  axles,  crank  pins,  connect- 
ing rods,  hammer  piston  rods,  automobile  transmissions  and  rear- 
axle  shafts. 

The  range  from  0.25%  to  0.35%  carbon  is  used  for  auto- 
mobile forgings  of  all  kinds  and  a  great  variety  of  miscellaneous 
work  requiring  the  best  combination  of  static  and  dynamic 
strength. 

As  illustrating  the  wonderful  shock  and  fatigue  enduring 
qualities  of  chrome-vanadium  steel,  drop-hammer  piston  rods  of 
this  material  are  giving  many  times  the  length  of  service  of  car- 
bon, nickel  and  chromium-nickel  steel  rods. 

Vanadium  steels  have  a  much  wider  heat-treatment  range 
than  other  steels.  The  desired  physical  properties  can  be  ob- 
tained with  a  higher  draw-back  or  annealing  temperature,  which 
is  very  advantageous  as  more  completely  removing  quenching 
strains,  and  also  as  a  manufacturing  proposition. 
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Chromium-vanadium  steel  forges  and  machines  better  than 
nickel-chromium  steel,  is  not  as  liable  to  injur}'  in  heating  for 
forging,  is  not  so  liable  to  crack  or  check  in  heat-treatment  and 
is  free  from  the  seamy  tendency  of  steel  containing  nickel. 

Carbon  steel  with  a  small  percentage  of  vanadium,  from 
0.15%  to  0.20%,  has  been  used  extensively  for  locomotive-frame 
castings  with  great  success.  The  failures  of  these  frames  from 
all  causes  over  a  period  of  nearly  ten  years  has  been  only  a  frac- 
tion of  one  percent. 

In  tool-steel  grades,  this  steel  has  better  cutting  qualities, 
hardens  deeper  and  more  uniformly,  and  has  remarkable  tough- 
ness. In  what  are  termed  battering  tools,  chisels,  cutters,  dies, 
etc.,  it  gives  several  times  the  length  of  service  of  ordinary  carbon 
tool  steel. 

The  handicap  of  high  cost  of  vanadium  has  almost  disap- 
peared, and  simple  carbon-vanadium  steel  in  the  ordinary  forg- 
ing grades  will  undoubtedly  soon  become  very  widely  used  as  an 
all-round  engineering  steel,  when  a  better  steel  than  carbon  is 
required.  It  is  remarkably  clean  and  is  as  easily  worked  as 
carbon  steel.  It  is  free  from  the  seaminess  and  ugly  scale  of 
nickel  steels  and  the  tendency  to  check  and  crack  of  the  chro- 
mium steels,  particularly  nickel-chromium. 

Tests  are  showing  about  20%  less  wear  for  carbon- vanadium 
steel  rails  in  curves  than  for  rails  with  0.15%  to  0.20%  higher  car- 
bon, and  they  are  also  considerably  stronger.  This  diflference  in 
wear  will  doubtless  be  much  greater  when  the  carbon  percentage 
in  the  vanadium  rails  is  increased  to  that  of  the  standard  rails. 

In  simple  annealed  forgings,  plain  vanadium  steel  has 
physical  properties  well  above  those  specified  for  heat-treated 
(quenched  and  tempered)  carbon  steel. 

This  type  of  vanadium  steel  has  a  wider  range  of  quenching 
temperature  than  nickel  or  nickel-chromium  steels;  and  for  me- 
chanical properties  after  heat-treatment  is  practically  on  an 
equality  with  3^%  nickel  or  the  low  nickel-chromium  steels  in 
general  use,  and  apparently  has  higher  fatigue  resisting  qualities. 

While  nickel  and  chromium  interfere  seriously  with  the 
welding  quality  of  steel,  vanadium  does  not,  but  on  the  contrary 
improves  this  quality.  Vanadium  steel  wire  is  in  common  use 
for  autogenous  welding. 
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Tungsteii  Steel. 

This  is  principally  used  for  magnets  for  magnetos  and  to 
some  extent  in  hack  saws  and  special  tool  steels.  Tungsten  is 
seldom  used  in  engineering  constructional  steels,  and  then  usually 
in  combination  with  chromium. 

The  following  table  shows  the  typical  engineering  alloy 
steels  and  their  tensile  properties  for  the  same  heat-treatment 
draw-back  temperature.  This  is  in  all  cases  600  degrees  Centi- 
grade (about  1100  degrees  Fahrenheit).  The  specimens  in  most 
cases  were  heat-treated  in  the  form  of  inch  rounds  and  were 
machined  after  treatment. 


Carbon 

a 

s, 

Nickel 

.27 

.55 

.27 

.47 

.36 

.42 

.34 

.87 

.45 

.50 

.43 

.60 

.47 

.90 

.30 

.60 

3.40 

.33 

.63 

3.60 

.30 

.49 

3.60 

.25 

.47 

3.47 

.25 

.50 

2.00 

.38 

.30 

2.08 

.42 

.22 

2.14 

.36 

.61 

1.46 

.36 

.50 

1.30 

.30 

.50 

.23 

.«>o 

.26 

.48 

.35 

.64 

.50 

.92 

Chromium 

Vanadium 

Elastic  Limit 
Lbs.  per  sq.  in. 

Tensile  Strength 
Lbs.  per  sq.  in. 

Elongation  in  2  in. 
Percent 

Reduction  of  Area 
Percent 

.... 

49,000 

80,000 

30 

65 

.26 

66,000 

98,000 

25 

52 

>••■ 

58,000 

90,000 

27 

60 

.13 

82,500 

103,000 

22 

57 

-*-• 

65,000 

96,000 

22 

52 

.32 

96,000 

122,000 

21 

.52 

.15 

102,000 
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23 

58 

•  •** 

75,000 

105,000 

25 

67 

.25 
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17 

57 

1.70 

•  ••■ 

119,000 
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21 

60 

1.60 

.15 

139,000 

170,000 

18 

53 

1.00 

•••• 

102,000 

124,000 

25 

70 

1.16 
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120,000 

134,000 

20 

57 

1.27 

.26 
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16 

53 
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.... 
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132,500 

16 

58 

.75 

.16 

140,000 

157,500 

17 

54 

.80 

.... 

90,000 

105,000 

20 

50 

.82 

.17 

106,000 

124,000 

21 

66 

.92 

.20 

112,000 

137,000 

20 

61 

1.03 

.22 

132,500 

149,500 

16 

54 

1.02 

.20 

170,000 

186,000 

15 

45 

Complex  Alloy  Steel. 

Practically  none  of  the  constructional  steels  contain  three 
or  more  alloy  metals.  The  only  steel  in  this  class  to  be  consid- 
ered is  what  is  commonly  known  as  high-speed  steel.     Robert 
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Mushet  developed  and  patented  about  1860  an  air-hardening 
steel  that  was  very  much  superior  to  carbon  tool  steel  for  ma- 
chining hard  material.  Mushet  steel,  as  it  was  known,  had  about 
the  following  composition : 

Carbon,  2.00%. 
Manganese,  1.75%. 
Silicon,  0.75%. 
Chromium,  0.40%. 
Tungsten,  5.50%. 

At  the  Paris  Exposition  in  1900,  the  Bethlehem  Steel  Com- 
pany exhibited  a  new  tool  steel  that  took  wonderfully  heavy  cuts 
at  high  speeds,  the  point  of  the  tool  heating  up  to  a  strong  blue 
color  without  losing  its  edge.  This  steel,  which  immediately  be- 
came known  as  high-speed  steel,  was  the  culmination  of  the  re- 
search work  carried  on  for  many  years  by  Mr.  F.  W.  Taylor  and 
later  published  in  his  monograph  **The  Art  of  Cutting  Metals". 
The  difference  between  this  steel  and  Mushet  steel  is  apparent 
from  the  following  typical  composition : 

Carbon,  0.60%?. 
Manganese,  0.20%. 
Silicon,  0.10%?. 
Chromium,  4.00%. 
Tungsten,  18.00%. 

With  this  steel,  cutting  speeds  of  over  90  feet  per  minute  were 
obtained. 

Within  three  or  four  years  it  was  found  that  the  addition 
of  vanadium  to  high-speed  steel  made  it  possible  to  still  greatly 
increase  the  speed  and  size  of  cut.  At  first  only  about  0.30% 
vanadium  was  added,  but  this  has  been  increased  until  now  1.00% 
is  practically  the  standard  amount  in  most  high-speed  steels,  and 
speeds  of  140  feet  and  upward  per  minute  have  been  attained. 

Lately  the  addition  of  cobalt  to  high-speed  steel  has  been 
meeting  with  favor  as  still  further  improving  the  endurance  of 
the  steel.  The  amount  of  cobalt  generally  used  is  3%  to  4%, 
with  no  change  in  the  percentage  of  the  other  metals — tungsten, 
chromium  and  vanadium. 
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DlflCUSSIOK 

Prof.  .Prof.  J.  W.  BiduurdB,*  Mem.  A.  L  M.  E.,  remarked  that  it  may  be 

Btehardfl.  interesting  to   note   under  the  discussion  of   high-speed   steel   that  Mr. 

Hajnes  of  Indiana  is  the  inventor  of  an  alloy,  which  contains  no  iron 

whatever,  that  is  said  to  be  superior  to  some  of  the  best  high-speed  tool 

steels. 

Mr.  Mr.  O.  M.  Eaton,**  Mem.  A.  I.  E.  E.,  inquired  whether  the  copper 

Eaton.  JQ  3£j,    Haynes'  alloy  was  responsible  for  its  toughness. 

Mr.  Mr.  H.  J.  Kennedy  inquired  as  to  what  was  the  dominant  metal  in 

Kannedy.  Haynes'  alloy,  and  the  price  per  pound. 

Prof.  Profeeeor  Bicharde  replied  that  a  recent  analysis  showed  the  alloy  to 

Biehftfdfl.  contain:  Cobalt  52.03%,  chromium  29.36%,  tungsten  12.71%,  iron  5.35%, 
nickel  0.45%,  manganese  0.24%,  silicon  0.09%,  molybdenum,  trace.  The 
commercial  name  is  ''stellite". 

Mr.  Mr.  O.  L.  Norrie,  in  closing,  said  that  he  would  like  to  add  to  what 

Norris.  Professor  Bichards  has  said  about  stellite,  that  vanadium  also  enters  into 
its  composition. 

As  to  high-speed  tool  steel,  it  is  interesting  to  note  that  on  account 
of  the  present  scarcity  and  very  high  price  of  tungsten,  there  is  a  growing 
tendency  to  increase  the  percentage  of  vanadium  and  lower  the  percentage 
of  tungsten  in  this  class  of  steel.  Some  makers  have  reduced  the  tungsten 
30%  to  50%  and  increased  the  vanadium  over  100%,  so  that  now  2%  to  3% 
of  vanadium  is  not  uncommon.  These  high  vanadium,  high-speed  steels 
have  been  demonstrated  in  every  way  equal,  and  usually  superior,  to  those 
containing  the  higher  (18%)  percent  of  tungsten. 

*  Lehigh  University,  So.  Bethlehem,  Pa. 
**  Pittsburgh,  Pa. 
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INTRODUCTION. 

(1)  It  is  very  frequent  in  the  practice  of  mechanical  con- 
struction to  meet  with  cases  in  which  a  given  piece  of  metal 
must  satisfy  at  the  same  time  two  fundamental  conditions,  in  a 
certain  sense  in  antithesis  one  with  the  other — ^as  for  example  on 
one  hand  the  condition  of  possessing  a  very  high  superficial  hard- 
ness such  as  to  render  it  suited  to  resist  in  the  best  possible  man- 
ner the  wear  produced  by  rubbing  attrition,  and  on  the  other 
hand  the  condition  of  presenting  in  the  body  of  the  substance  a 
tensile  strength  sufficient  to  render  it  suited  to  resist  effectively 
the  action  of  alternating  forces  or  of  shocks. 

Aside  from  the  construction  of  parts  of  machines  or  of  tools 
destined  to  the  cutting  of  metals,  there  is  presented  also  in  cer- 
tain other  cases — such  as  for  example  that  of  the  fabrication  of 
armor  plates — ^the  necessity  of  obtaining  an  extreme  hardness  in 
one  part  of  a  piece  of  steel  which,  in  the  remaining  parts,  should 
possess  the  highest  possible  tensile  strength. 

(2)  I  have  said  that  the  two  conditions  noted  above  are  in  a 
certain  sense  in  antithesis  one  in  respect  to  the  other,  and  this 
by  reason  of  the  fact,  well  known,  that  steels  possessing  the  high- 
est resistance  to  scratching  or  cutting  and  therefore  the  best 
suited  to  resist  wearing  by  abrasion,  are  generally  also  the  most 
brittle  and  therefore  the  least  adapted  to  resist  the  action  of 
alternating  forces  or  of  shocks.    It  is  indeed  true  that  this  last 
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fact  is  greatly  modified  in  various  types  of  special  steels,  intro- 
duced recently  into  technology,  such  that  some  of  these  steels 
(for  example  certain  manganese  steels)  after  haying  undergone 
suitable  heat  treatment,  present  a  high  resistance  to  abrasion 
joined  to  a  tensile  strength  suflScient  for  all  principal  mechanical 
applications.  However,  in  such  steels  these  two  qualities  are 
likely  to  be  coupled — in  greater  or  lesser  measure — with  two 
inconveniences  which  seriously  limit  their  practical  application. 
The  first  of  such  inconveniences  consists  in  the  high  price.  The 
second  is  found  in  the  serious  diflSculty  of  suitably  softening  these 
steels  through  heat  treatment  in  such  manner  as  to  render  them 
susceptible  to  attack  by  the  cutting  tools  with  which  they  are  to 
be  fabricated.  It  follows  that  the  mechanical  working  of  all  parts 
made  of  such  steels  is  always  extremely  expensive. 

(3)  Now,  it  is  known  that,  among  all  the  elements  which 
may  enter  into  the  composition  of  the  various  types  of  steel  best 
suited  to  the  construction  of  mechanical  parts,  carbon  is  that 
whose  variations  of  concentration  give  rise  to  the  most  pro- 
nounced variations  in  the  hardness  of  the  steel  after  quenching; 
and  in  the  sense  that — with  all  other  conditions  equal — the  sur- 
face hardness  of  a  steel  belonging  to  one  of  the  types  noted  above 
increases  in  marked  degree  (after  quenching)  when  its  content 
of  carbon  undergoes  an  increase,  also  when  the  increase  of  the 
carbon  content  is  relatively  small.  However,  in  conjunction 
with  a  marked  augment  in  the  surface  hardness,  slight  increase 
in  the  carbon  content  gives  rise  to  the  most  marked  increase  in 
brittleness  in  the  quenched  steel.  It  results  that  whenever  it  is 
desired  to  construct  a  mechanical  member  of  homogeneous  steel 
with  high  resistance  to  abrasion,  without  at  the  same  time  being 
able  to  yield  largely  the  requirement  of  strength  to  resist  shocks 
or  alternating  stresses,  it  cannot  be  expected  to  realize  the  de- 
sired result  simply  by  increase  in  the  carbon  content  of  the  steel 
throughout  the  entire  mass  employed.  As  I  have  already  pointed 
out  for  this  case,  when  it  is  desired  to  use  a  homogeneous  steel, 
it  is  necessary  to  have  rtM?ourse  to  the  introduction  of  new  metallic 
elements  in  the  steel  (for  example  chromium,  tungsten,  etc.),  or 
to  an  increase  in  the  content  of  those  already  present  (as  man- 
gani^e  for  example^.  There  are  thus  obtained  special  steels, 
of  which  I  have  made  note  just  above.     These,  aside  from  pre- 
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senting  the  serious  practical  drawbacks  which  I  have  already 
noted  and  which  render  them  poorly  adapted  to  mechanical  con- 
struction, do  not  permit  of  realizing,  in  the  way  of  surface  hard- 
ness, values  as  high  as  those  which  may  be  obtained  with  quenched 
steel  containing  a  high  carbon  content. 

(4)  All  the  advantages  of  the  high  surface  hardness  obtain- 
able in  quenched  high  carbon  steel,  may,  on  the  other  hand,  be 
obtained — and  without  renouncing  strength  to  withstand  shocks 
or  alternating  stress — by  abandoning  the  concept  of  imparting 
to  the  entire  mass  of  the  piece  the  two  antithetical  properties 
noted  above  and  seeking  to  develop  each  one  of  them  in  domi- 
nant degree  and  to  the  highest  possible  extent,  only  however,  in 
those  parts  of  the  piece  in  which  it  is  definitely  useful. 

In  fact  it  is  clear  that  in  the  greater  number  of  cases,  it  is 
quite  sufficient  if  the  hardness  necessary  to  impart  to  the  piece  a 
high  resistance  to  abrasion,  is  found  in  a  surface  layer  of  the 
member;  while  on  the  other  hand,  the  necessary  resistance  to 
alternating  stress  or  to  shock  can  be  obtained  only  on  condition 
that  the  greatest  possible  part  of  the  metal  of  which  it  is  formed 
poss^ses  a  high  tensile  strength.  It  therefore  readily  appears 
rational,  in  all  cases  in  which,  in  a  single  mechanical  member 
the  two  characteristics  noted  above  are  required  in  high  degree, 
that  use  should  be  made  of  a  material  in  which  a  superficial 
zone,  more  or  less  deep,  shall  present  the  highest  practicable 
resistance  to  abrasion  (even  at  the  expense  of  some  sacrifice,  in 
even  notable  degree,  of  the  tensile  strength),  while  on  the  other 
hand  the  main  body  of  the  member  should  be  made  of  a  material 
with  high  tensile  strength,  suited  to  eifectively  resist  alternating 
stresses  or  shock,  and  with  just  the  degree  of  hardness  which  is 
strictly  necessary  in  order  to  constitute  an  effective  support  for 
the  hardened  layer  which  rests  upon  it. 

Such  conditions  are  in  fact  satisfied  in  the  best  manner 
when  use  is  made  of  parts  fabricated  from  soft  steel  subjected  to 
a  superficial  cementation  or  case-hardening  process,  carried  to  a 
suitable  depth  and  followed  by  a  suitable  heat  treatment. 

(5)  As  is  well  known,  the  general  process  of  cementa- 
tion consists  in  heating  (for  a  longer  or  shorter  time)  the  piece 
of  steel  to  be  treated,  at  a  temperature  above  the  first  point  of 
transformation  by  heat  for  the  steel  under  treatment,  but  alwaj's 
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much  below  its  point  of  fusion,  while  maintaining  the  surface  in 
intimate  contact  with  substances  capable  of  decomposition — 
under  the  existing  conditions — ^with  liberation  of  carbon. 

When  a  suitable  choice  has  been  made  of  the  carburizing 
substance  and  of  the  conditions  under  which  the  operation  is 
carried  out,  there  is  then  realized  a  process  of  diffusion  of  the 
carbon,  liberated  from  the  carburizing  substance,  into  the  mass 
of  the  steel.  In  this  manner,  the  operation  being  completed,  the 
metal  constituting  a  layer  of  the  steel  lying  immediately  below 
the  surface  exposed  to  the  treatment  will  have  absorbed  a  cer- 
tain quantity  of  carbon  depending  on  the  duration  of  the  opera- 
tion and  on  the  conditions  (especially  temperature)  under  which 
it  has  been  carried  out.  The  thickness  of  the  layer  thus  car- 
burized  and  the  variation  of  concentration  of  the  carbon  in  its 
various  parts,  depend  closely  on  the  nature  of  the  carburizing 
substance  used  and  on  the  conditions  under  which  the  process 
has  been  carried  out.  It  may,  however,  be  stated  that  the  con- 
centration of  the  carbon  in  the  stratum  carburized,  decreases  in 
general  (although  not  always  in  uniform  manner)  in  passing 
from  the  layers  nearer  the  surface  to  those  Jying  at  greater 
depth,  until  finally  and  gradually,  at  a  certain  depth,  the  initial 
value  for  the  untreated  steel  is  found. 

However  in  special  cases — ^which  in  modem  metallurgical 
practice  become  ever  less  frequent — ^the  process  is  carried  to  the 
point  of  raising  in  marked  degree  the  concentration  of  the  carbon 
in  the  entire  mass  subjected  to  treatment. 

Being  given  the  characteristics,  above  noted,  of  a  piece  of 
mild  steel  subjected  to  a  superficial  cementation  (case  harden- 
ing), it  is  almost  always  possible  to  choose  a  heat  treatment 
suited  to  confer  on  the  external  carburized  surface,  a  very  high 
degree  of  hardness  by  way  of  resistance  to  abrasion,  and  to  the 
heart  of  the  mass  of  metal  lying  below  the  surface,  not  subjected 
to  carburization,  a  high  degree  of  tensile  strength.  Such  heat 
treatment — ^brief  reference  to  which  will  be  made  at  a  later  point 
— normally  consists  of  one  or  more  operations  of  quenching. 

(6)  The  process  of  partial  cementation  of  objects  of  iron — 
employed  for  the  purpose  of  partially  transforming  them  into 
steel  capable  of  being  hardened — seems  to  have  been  known 
since  very  ancient  times.    But  the  first  clear  account  of  a  proc- 
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ess  which  might  be  considered  as  a  genuine  process  of  cementa- 
tion, seems  to  be  that  contained  in  the  works  of  Yannuccio 
Biringuccio,  a  native  of  Siena,  and  published  in  1540  under  the 
title  of  ^^Piroiechnia'\  The  process  described  by  Biringuccio 
is,  however,  a  process  of  complete  cementation  through  the  entire 
mass  of  iron. 

The  history  of  the  development  of  both  the  science  and  the 
art  relating  to  the  process  of  the  cementation  or  case  hardening 
of  steel  and  to  its  technical  applications  is  very  interesting,  but 
space  is  lacking  to  here  refer  to  this  phase  of  the  subject,  even  in 
summary  form.  For  this  purpose,  I  must  therefore  refer  to  the 
works  mentioned  in  the  bibliographical  index  accompanying 
herewith.  I  cannot,  however,  do  less  than  note  the  fact  that — 
while  in  a  first  and  very  remote  period  of  time,  which  it  appears 
might  reach  back  to  the  first  years  of  the  Roman  empire  and 
which  extends  forward  to  the  end  of  the  16th  century,  the  process 
of  case  hardening  was  used  commonly  for  the  partial  transforma- 
tion into  steel,  of  objects  in  iron  after  being  completely  formed — 
in  a  later  period  the  importance  of  such  application  of  cementa- 
tion was  in  great  measure  superseded  by  the  importance  assumed 
by  the  other  form  of  application  of  the  same  process,  consisting 
in  the  complete  carburization  of  masses  of  iron  in  order  to  trans- 
form them  into  hard  steel,  of  composition  approximately  imi- 
form  throughout  their  mass,  and  from  which,  by  suitable  thermal 
and  mechanical  operations,  various  objects  of  steel  may  be  made. 
Such  process  received  even  wider  usage,  especially  after  the 
classical  researches  of  Reaumur  (1720-1722),  which  threw 
greater  light  on  the  details  of  the  phenomena  on  which  the 
process  of  cementation  depends,  and  after  the  English  horologist 
Benjamin  Huntsman  (1740)  had  discovered,  and  later  reduced 
to  practical  application  on  a  large  scale,  the  process  of  the  melt- 
ing of  steel  in  a  crucible,  thus  creating  a  great  new  industry,  of 
which  the  principal  raw  material  was  in  fact  iron  in  bars,  com- 
pletely carburized  by  cementation. 

Finally,  in  a  third  period  of  time,  which  may  be  taken  as 
counting  from  the  middle  of  the  19th  century  and  which  reaches 
down  to  our  own  days,  there  has  developed  in  the  industry  of 
the  cementation  of  steel,  a  reversion,  as  a  result  of  which  the 
industry  itself  has  turned  back  to  the  characteristics  of  earlier 
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years.  In  fact,  while  on  the  one  hand  improvement  in  the  tech- 
nique of  mechanical  construction  was  placing  on  the  metal- 
lurgists, with  ever  increasing  frequency,  problems,  the  natural 
solution  of  which  was  represented  by  the  use  of  parts  subjected 
to  superficial  cementation — on  the  other  hand  the  introduction 
of  new  methods  of  steel-making  (Bessemer,  Thomas,  Siemens- 
Martin,  electro-thermic)  made  possible  the  provision,  at  a  much 
reduced  cost,  of  the  very  best  material,  and  capable  of  replacing 
in  most  cases  the  product  previously  obtained  only  through  the 
use  of  iron  completely  carburized  by  the  cementation  process. 
The  effect  of  this  evolution  was  a  decrease  in  the  importance  of 
the  industry  of  steel-making  by  the  complete  cementation  of 
iron  (an  industry  which  today  is  of  quite  secondary  importance) 
and  a  gradual  though  pronounced  growth  in  the  importance  and 
in  the  diffusion  of  the  application  of  the  process  of  partial  or 
superficial  cementation  (case-hardening)  especially  for  the  fab- 
rication of  various  machine  elements  and  parts. 

(7)  This  being  understood,  I  propose  to  develop  forthwith, 
in  the  extremely  summary  form  which  is  imposed  on  me  by  the 
limitations  of  space,  some  of  the  most  important  points  concern- 
ing our  present  theoretical  knowledge  of  the  process  of  case- 
hardening,  and  the  conditions  under  which  such  process  is  today 
most  frequently  applied  in  the  arts. 

CHAPTER  I. 

PRESENT  CONDITION  OF  THE  THEORETICAL  KNOWLEDGE  CON- 
CERNING THE  PROCESS  OF  CASE-HAHDENING  OF  STEEL. 

(8)  The  problems  most  frequently  discussed  among  those 
who  are  interested  in  the  theory  of  cementation  are  two. 

The  first  is  that  which  has  for  its  object  to  determine 
whether  the  passage  of  the  carbon  from  the  carburizing  sub- 
stance to  the  superficial  layer  of  the  steel  consists  in  a  simple 
phenomenon  of  solution  of  the  solid  carbon  in  the  iron,  with 
the  surface  of  which  the  carburizing  substance  is  placed  in  con- 
tact. Such  an  explanation  of  the  process  would  not  be  unnat- 
ural, because  at  the  temperature  of  the  cementation  process  the 
iron  is  found  in  the  gamma  state  with  which  carbon  readily 
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forms  solid  solutions.  And  furthermore,  many  examples  are 
known  of  solid  bodies  which,  placed  in  contact  with  the  surface 
of  other  solid  bodies,  penetrate  and  form  a  solid  solution,  and 
without  the  possibility  of  the  intervention  of  gaseous  substances. 
Such  condition,  for  example,  is  met  with  in  the  case  of  lead 
placed  in  contact  with  gold. 

In  cases  where  the  carburizing  substance  employed  is  a  com- 
pound containing  carbon,  and  in  the  solid  or  liquid  state  (a  cya- 
nide for  example)  or  where  it  is  gaseous  (generally  a  hydro- 
carbon) the  partizans  of  the  hypothesis  above  noted  (of  the 
direct  action  of  the  solid  carbon)  assume  that  the  action  is  car- 
ried on  by  the  effect  of  the  carbon  which  the  composite  body — 
imdergoing  decomposition  at  the  high  temperature  of  the  cemen- 
tation process — deposits  on  the  surface  of  the  piece  of  steel. 

In  place  of  this  hypothesis,  sustained  moreover  through  the 
past  by  various  experimenters  (although  in  truth  by  means  of 
experiments  not  always  carried  out  with  the  necessary  rigor) 
many  on  the  other  hand  urge  another,  which — excluding  entirely 
the  possibility  of  a  phenomenon  of  direct  solution  of  carbon  in 
iron — explains  the  passage  of  the  carbon  from  the  carburizing 
substance  to  the  superficial  layers  of  the  steel,  solely  by  the 
action  of  carbon  bearing  vapors  or  gases  (cyanogen,  carbon  mo- 
noxide, hydrocarbons,  etc.),  which — even  in  the  case  where  a 
solid  carburizing  substance  is  employed — are  always  present  in 
the  atmosphere  which  impregnates  the  mass  of  the  substance. 
Such  a  gas,  diffusing  itself  (by  a  process. which,  moreover,  may 
be  directly  noted  in  many  other  cases)  and  thus  penetrating  into 
the  mass  of  the  steel,  is  there  decomposed  and  yields  to  the  metal 
a  part  of  its  carbon. 

The  second  of  the  problems  noted  above  is  closely  related 
to  the  first.  It  is  concerned  with  the  question  of  whether  the 
phenomenon  of  diffusion  of  carbon  from  the  superficial  layers 
to  those  deeper  and  deeper,  in  the  case  of  a  piece  subjected  to 
cementation,  is  realized  as  a  result  of  the  difference  in  concentra- 
tion of  the  solid  solution  of  carbon  and  iron  which  constitutes 
the  layers  themselves,  or  whether  it  is  due  to  a  diffusion,  in  the 
mass  of  the  metal,  of  vapors  or  carburizing  gases,  the  which, 
undergoing  gradual  decomposition,  yield  up  a  part  of  their  car- 
bon to  the  steel  of  the  successive  layers. 
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(9)  The  two  problems  above  indicated  have  given  rise  to 
heated  discussions,  beginning  in  the  first  half  of  the  19th  cen- 
tury and  not  altogether  exhausted  even  at  the  present  day. 

Unable  here  to  indicate,  even  briefly,  the  points  of  these  most 
interesting  and  instructive  discussions,  I  must  be  content  with 
indicating  summarily  the  conclusions  to  which  the  most  recent 
and  presumably  the  most  reliable  experiments  seem  necessarily 
to  lead. 

It  is  desirable  to  premise  that  the  carburizing  substances 
now  used  most  frequently — either  mixed  together  or  with  some 
other  substance  or  used  alone — may  be  classified  under  the  fol- 
lowing groups: 

(a)  The  varying  types  of  coal,  as  used  in  the  arts,  and  in 
which  the  predominating  element  is  carbon.  Such  are,  for  ex- 
ample, wood  charcoal,  fossil  coal,  soot,  bone  black,  etc.  Within  the 
same  group  may  be  included  the  greater  part  of  organic  car- 
burizing substances,  which,  at  the  temperature  of  cementation, 
become  decomposed  with  liberation  of  carbon.  These  substances 
are  often  used  in  the  art  of  cementation,  mixed  with  each  other 
or  with  various  salts  (especially  carbonates  and  cyanides).  The 
substances  of  this  group  constitute  the  principal  solid  agents 
used  in  the  art  of  cementation. 

(b)  The  salts  derived  from  cyanogen  (cyanides,  ferrocya- 
nides,  etc.).  Such  substances — which,  at  the  temperature  of 
cementation,  are  fused— constitute  the  most  important  liquid 
agents  used  in  the  art.  • 

(c)  Hydrocarbon  compounds  either  in  the  state  of  gas  or 
vapor. 

(d)  Carbon  monoxide. 

The  substances  indicated  in  the  two  groups  (c)  and  (d) 
constitute  the  principal  gaseous  agents  used  in  the  art.  The 
so-called  ** mixed"  agents  result  from  the  use  of  substances  of 
group  (a)  together  with  carbon  monoxide. 

(10)  This  being  understood,  the  conclusions  indicated  above 
may  be  resumed  in  the  following  propositions: 

(A)  The  direct  carburizing  action  (for  simple  solutions)  of 
the  carbon  in  the  form  in  which  it  is  commonly  used  in  the 
solid  agents  [group  (a)]  is  very  slight.  It  may  iij  fact  be  con- 
sidered as  absolutely  negligible  from  the  practical  viewpoint. 
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(B)  The  salts  derived  from  cyanogen  (cyanides,  ferrocya- 
nides,  etc.)  taken  alone,  exercise  on  iron  a  specific  carburizing 
action  and  quite  intense  in  degree,  which,  however,  has  not  yet 
been  studied  with  precision.  In  any  event  it  appears  to  be  dem- 
onstrated with  assurance  that— contrary  to  what  many  experi- 
menters have  believed  themselves  able  to  affirm — ^the  activity  of 
the  agents  which  contain  carbonates  of  the  alkaline  metals  or 
of  the  alkaline  earths  joined  with  free  carbon,  is  not  due  to  the 
formation  and  intervention  of  such  salts.  The  activity  of  such 
substances  is  on  the  contrary  due  almost  exclusively  to  the  inter- 
vention of  the  carbon  monoxide  which  is  formed  by  the  action 
of  the  coal  on  the  carbonic  anhydride  formed  by  the  dissocia- 
tion of  the  carbonates. 

(C)  The  carburizing  action  exercised  by  charcoal  in  the 
presence  of  an  atmosphere  of  nitrogen  alone  is  practically 
negligible. 

(D)  In  the  carburizing  action  exercised  on  iron  by  volatile 
hydrocarbons  at  a  high  temperature,  there  certainly  intervenes 
in  notable  degree,  the  direct  action  of  the  gas  (by  diffusion). 
There  are  lacking,  however,  experimental  data  suited  to  deter- 
mine in  what  degree  there  may  intervene — ^joined  to  this  acticm — 
a  further  direct  action  of  the  carbon  finely  divided,  which  the 
hydrocarbons  in  decomposition  deposit  on  the  surface  of  the  iron. 

(E)  The  carburizing  activity  which  pure  carbon  monoxide 
exercises  on  iron  at  the  temperature  adopted  in  practice  for 
cementation,  is  due  exclusively  to  the  specific  direct  action  of 
the  gas. 

(F)  The  specific  carburizing  action  of  carbon  monoxide 
becomes  most  intense  when  the  gas  acts  on  the  iron  in  the  pres- 
ence of  free  carbon.  Such  specific  action — ^modified  by  other 
carburizing  substances  present,  such  as  hydrocarbon,  cyanides, 
etc. — ^is  markedly  preponderant  over  all  other  actions  in  all  the 
agents  in  which  carbon  monoxide  is  present  or  may  be  formed. 
This  is  the  case  practically  in  all  solid  agents  used  in  the  art. 

It  is  not  possible  here  to  illustrate  and  to  demonstrate  these 
propositions.  Such  illustration  and  demonstration  in  complete 
and  extended  form  may  be  found  in  the  publications  indicated 
at  the  end  of  the  present  paper. 

(11)  Be-assuming  the  content  of  the  various  propositions 
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above  noted,  we  may  afiirm  that  the  earburizing  action  of  all  the 
agents  used  in  the  technique  of  the  art  is  due  to  the  direct 
intervention  of  earburizing  gases,  which  are  diffused  as  such  in 
the  mass  of  the  metal,  to  which  they  yield  the  free  carbon  result- 
ing from  their  partial  decomposition.  Such  carbon  enters  into 
union  with  the  iron  in  the  locality  where  it  is  liberated  from  the 
gas,  giving  rise  to  a  solid  solution  of  carbide  of  iron  (Pcs  C) 
in  the  iron  present  in  excess. 

The  earburizing  gases  which  form  in  such  manner  the  really 
active  part  of  all  the  agents  used  in  the  art,  may  be  noted  in 
three  principal  groups: 

(a)  Cyanogen  and  its  Volatile  Derivatives.  Such  gases 
develop  in  the  liquid  agents  composed  of  cyanides  and  of  ferro- 
cyanides  in  a  state  of  fusion. 

(b)  Hydrocarbons.  The  action  of  such  gases  intervenes  in 
preponderating  degree — not  only  in  the  gaseous  agents  formed 
from  volatile  hydrocarbons — ^but  also  in  the  solid  agents  contain- 
ing (commonly  together  with  the  various  forms  of  charcoal) 
organic  substances  decomposable  at  the  temperature  of  cementa- 
tion. 

(c)  Carbon  Monoxide.  The  direct  action  of  this  gas  inter- 
venes in  manner  absolutely  preponderant  in  a  great  number  of 
solid  and  mixed  agents  used  in  the  art.  It  appears  isolated  in 
the  mixed  agent  composed  of  granular  charcoal  maintained  in  an 
atmosphere  of  carbon  monoxide. 

(12)  The  mechanism  of  the  direct  earburizing  action  which 
the  gases  mentioned  above  exercise  by  way  of  diffusion  in  the 
steel,  is  similar  for  all  the  gases  of  the  three  groups ;  and  is  char- 
acterized by  the  reaction  velocity  for  the  reactions  which  give 
rise  to  the  decomposition  of  the  various  gases,  and  by  the  various 
states  of  equilibrium  to  which  the  reactions  lead,  under  the  vary- 
ing conditions  in  which  they  proceed. 

However,  for  the  gases  of  the  first  two  groups  (cyanogen 
and  hydrocarbons)  the  reactions  which  give  rise  to  the  liberation 
of  free  carbon  are  very  complicated ;  so  that  in  practice  it  is  not 
possible  to  determine  the  details  with  precision,  and  it  is  neces- 
sary to  be  content  with  an  empirical  consideration  of  the  gen- 
eral characteristics  and  of  the  final  results.  In  the  case  of  car- 
bon monoxide,  on  the  other  hand,  these  reactions  are  very  sim- 
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pie  and  it  is  easy  to  take  exact  account  of  their  progress  in 
detail.  :     .     •  -  ,         : 

It  seems,  therefore,  desirable  to  examine  lie^ey.  briefly,  the 
latter  case  (which  is  moreover  the  one  of  higjif.st-,  iaipjL^rtax^c<5  .in 
the  art)  and  to  pass  the  others  by  with  th?.mjnlersi Adding  that; 
although  much  more  complicated,  they  are  analogous  in  general 
character. 

(13)  The  details  of  the  reactions  to  which  is  due  the  specific 
carburizing  action  exercised  by  carbon  monoxide  on  steel,  at 
temperatures  above  850°  C,  may  be  schematically  explained  in 
the  following  manner. 

The  carbon  monoxide— especially  when  it  is  found  in  con- 
tact with  iron  which,  acting  as  an  energetic  catalyzer,  facilitates 
its  decomposition — splits,  at  the  temperature  of  cementation, 
into  carbon  and  carbon  dioxide  in  accordance  with  the  following 
reversible  reaction : 

2C0Z^C0, +  C 

When  all  the  carbon  which  is  liberated  as  the  result  of  this 
reaction  passes  into  the  state  of  solid  solution  of  carbide  of  iron 
in  the  iron,  and  when  the  operation  is  prolonged  to  the  point  of 
reaching  a  true  state  of  complete  chemical  equilibrium,  the  state 
of  such  equilibrium  depends  on  the  total  pressure  of  the  gaseous 
atmosphere,  on  the  partial  final  pressure  of  each  one  of  the  two 
gases  (CO  and  COj),  on  the  temperature  of  the  system  and  on 
the  concentration  reached  by  the  carbon  in  the  solid  solution: 
or  (what  is  more  directly  interesting  in  practice)  this  latter  con- 
centration depends  on  the  other  variables  above  noted. 

If  we  now  examine  the  case  in  which  the  carbon  monoxide 
acts  in  the  presence  of  the  solid  carbon  (as  happens  in  the 
greater  number  of  practical  cases)  the  relation  between  the 
partial  pressures  of  the  two  gases  present  (CO  and  COg)  in 
equilibrium  with  the  free  carbon,  assumes,  for  every  tempera- 
ture and  for  every  total  pressure  of  the  gaseous  atmosphere,  a 
well  determined  value.  And  up  to  the  point  where  such  value 
corresponds  to  a  partial  pressure  of  the  carbon  monoxide  super- 
ior to  that  corresponding  on  its  part  to  the  equilibrium  of  the 
gaseous  mixture  with  the  carbon  in  solution  in  the  iron  in  the 
form  of  carbide — ^the  reaction  above  written  will  continue  to 
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progress -m^ttLd  sO^nse  from  left  to  right,  and  continuously  new 
*  .*'<)jtiaptiti&^  xA  carbon  will  pass  into  solid  solution  in  the  superficial 
•  feyero 'of 'iliei  fitiel.  In  such  a  case,  so  long  as  no  other  phe- 
:\  nG[menon-1iftecvezie8,  jeauilibrium  will  be  reached  and  the  reac- 
'  tiori'Will  fitof)  Si:^r&(Dou\i^  the  concentration  of  the  carbon  in  such 
strata  reaches  a  value  such  as  to  produce  a  state  of  chemical 
equilibrium  with  the  same  gaseous  mixture  which  is  in  equilib- 
rium with  the  free  carbon. 

(14)  But  the  phenomenon  can  assume  such  a  simple  form, 
purely  static,  only  in  the  case  in  which  there  does  not  intervene 
contemporaneously  the  process  of  gradual  diffusion  of  the  gases 
into  the  mass  of  steel  subjected  to  cementation. 

In  fact  when  the  gaseous  mixture  of  carbon  monoxide  and 
carbon  dioxide,  which  finds  itself  in  equilibrium  at  a  given  tem- 
perature with  the  carbon  dissolved  (in  the  state  of  carbide  of 
iron)  in  the  outer  carburized  stratum  of  the  steel,  reaches  con- 
tact, by  the  process  of  diffusion  in  the  metal,  with  the  steel  of 
the  deeper  strata,  and  in  which  the  concentration  of  the  carbon 
is  less,  and  with  which  therefore  it  will  not  be  in  equilibrium,  it 
yields  to  the  iron  gamma  a  little  carbon,  augmenting  its  holding 
of  carbon  dioxide.  This  brings  about  an  oxidization  anew  of  a 
part  of  the  carbon  at  higher  concentration  contained  in  the 
exterior  strata,  and  so  the  operation  proceeds. 

In  this  manner,  in  short,  the  carbon  monoxide — mixed  with 
a  proportion  of  carbon  dioxide,  variable  according  to  the  physi- 
cal conditions  of  the  process — diffusing  itself  in  the  mass  of  the 
steel,  deposits  in  strata  gradually  deeper  and  deeper,  ever  new 
quantities  of  carbon  which  remain  there  in  a  state  of  solid  solu- 
tion and  effect  thus — ^by  way  of  the  phenomena  above  noted — 
an  equalizing  action  on  the  concentration  of  the  carbon  and  pre- 
vent such  concentration  from  rising  too  high  in  the  outer  layers 
of  the  steel  subjected  to  the  process. 

Thus  the  process  of  carburization  of  the  steel  proceeds  in 
such  manner  that  the  concentration  of  the  carbon — in  an  exter- 
nal layer  of  the  metal,  the  thickneas  of  which  increases  gradually 
with  the  progress  of  the  operation — reaches  the  maximum  value 
corresponding  to  chemical  equilibrium  with  the  carburizing 
gaseous  atmosphere,  which,  in  its  turn,  is  found  in  equilibrium 
with  the  free  carbon  with  which  it  is  in  contact. 
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The  progress  of  such  reactions  and  the  final  condition 
reached  as  a  result  of  them,  depend  first  of  all  on  the  physical 
conditions  nnder  which  the  operation  is  carried  out;  and  it  is 
clear  that  the  causes  which  tend  to  turn  toward  the  right  the 
conditions  of  equilibrium  of  the  reversible  system 

must  necessarily  give  rise  to  an  augmentation  in  the  concen- 
tration of  the  carbon  which  passes  into  solid  solution  in  the 
gamma  iron  of  the  treated  zone.  And  it  is  to  be  noted  that 
among  such  causes  must  be  counted  especially,  lowering  of  the 
temperature  and  increase  of  pressure;  because  we  are  here  con- 
cerned with  an  exothermic  reaction  which  is  accompanied  by  a 
diminution  of  volume.  In  cases  where  the  carbon  monoxide  acts 
in  a  mixture  with  other  gases  practically  inert  (for  example 
nitrogen)  its  pressure  is  the  component  of  the  total  pressure 
due  to  the  gaseous  mixture,  and  this  is,  moreover,  proportional 
to  the  concentration  of  the  carbon  monoxide  in  the  mixture. 

The  final  state  reached  by  the  system,  depends  then,  in  the 
largest  measure — for  the  reasons  which  I  have  noted  in  the 
early  part  of  this  same  section — on  the  relative  reaction  veloci- 
ties of  the  various  chemical  reactions  which  are  here  involved, 
and  on  the  velocity  of  the  different  phenomena  of  solution  of  the 
carbon  and  of  diffusion  of  the  gases  in  the  metal.  The  effects 
of  these  concomitant  causes  often  reach,  in  practice,  such  in- 
tensity as  to  mask  and  even  to  invert  those  of  the  principal 
causes  first  noted. 

(15)  It  is  not  possible  to  develop  here — from  evident  limi- 
tations of  space — a  complete  and  detailed  examination  of  the 
phenomena  noted ;  and  still  less  to  discuss  the  relations  of  cause 
and  effect  which  operate  between  the  conditions  under  which 
the  phenomena  proceed  and  the  characteristics,  both  qualitative 
and  quantitative,  of  the  products  obtained.  For  such  matters 
of  detail  I  must  limit  myself  to  refer  those  interested  to  the 
accompanying  bibliography. 

From  what  has  been  above  noted  in  an  elementary  manner, 
it  clearly  results  nevertheless  that,  having  in  view  the  extreme 
simplicity  of  the  reaction  to  which  is  due  the  carburizing  action 
of  carbon  monoxide  on  iron,  and  likewise  the  fact  that  such  prin- 
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cipal  reaction  is  not  accompanied  by  any  of  the  numerous  **  para- 
sitic'*  reactions  which  always  accompany  the  action  of  all  other 
agents,  in  some  cases  by  their  intensity  and  practical  importance 
assuming  a  dominant  position  over  the  fundamental  reaction, 
the  effects  of  which  are  thus  masked  and  profoundly  modified — 
having  these  facts  in  view,  it  appears  that  the  process  of  carburi- 
zation  due  to  the  specific  action  of  carbon  monoxide  may  be  con- 
sidered as  the  typical  process  for  the  cementation  or  case-hard- 
ening of  steel. 

It  is  further  also  evident  that  the  same  simplicity  of  the 
laws  which  regulate  the  details  of  the  process  of  cementation  in 
which  carbon  monoxide  operates  as  the  only —or  at  least  as  the 
absolutely  preponderating — carburizing  agent,  should  character- 
ize those  by  means  of  which  definite  results  and  products  best 
responding  to  the  purposes  for  which  they  are  intended,  may  at 
will  be  obtained  with  ease  and  assurance. 

CHAPTER  II. 

CHARACTERISTICS  OF  THE  VARIOUS  CARBURIZING  SUBSTANCES 

AND  THEIR  USE. 

(16)  The  principal  conditions,  which,  in  the  greater  num- 
ber of  practical  cases,  it  is  necessary  to  realize  in  the  most  com- 
plete, precise  and  certain  manner  in  order  that,  by  means  of 
successive  heat  treatments  to  which  it  must  be  subjected,  it  may 
be  possible  to  impart  to  the  piece  subjected  to  case  hardening, 
the  properties  which  will  render  it  suited  to  meet  the  require- 
ments for  which  it  is  intended,  are  the  following : 

(a)  The  maximum  velocity  of  cementation:  understanding 
by  ** velocity",  the  depth  reached  in  a  given  time  by  the  car- 
burized  stratum.  Such  condition  has  not  only  an  economic 
importance  (evident  by  itself)  but  is  also  technically  important 
because  the  qualities  of  many  steels  may  become  seriously 
affected  by  too  prolonged  a  heating  at  the  elevated  temperature 
of  the  process. 

From  this  view  point  the  agents  in  which  the  carburizing 
action  is  due  only,  or  at  least  in  predominant  part,  to  carbon 
monoxide,  are  clearly  superior  to  all  others. 

(b)  Definite  assurance  of  obtaining  a  carburized  zone  of 
the  desired  depth. 
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(c)  Definite  assurance  of  reaching,  in  a  determinate  por- 
tion of  the  carburized  zone,  a  concentration  of  the  carbon  pre- 
determined as  the  minimum  value  requisite  in  order  to  impart  to 
the  steel  of  this  part  of  the  piece  (by  means  of  heat  treatments) 
the  desired  hardness. 

(d)  Definite  assurance  that  the  concentration  of  the  carbon 
shall  not  exceed  in  any  point  in  the  carburized  zone  (and  in  par- 
ticular in  the  outer  layers)  a  maximum  value,  predetermined 
with  a  view  of  avoiding  excessive  brittleness  in  the  metal. 

The  brittleness  of  the  carburized  zone,  in  the  outer  layers 
of  which  the  concentration  of  the  carbon  has  reached  a  value  too 
high,  is  due  principally  to  the  formation — in  such  strata — of 
numerous  laminae  of  cement ite:  such  laminae  are  fragile  and 
give  rise  readily  to  surfaces  of  fracture. 

The  two  figures  1  and  2,  reproduce  in  fact,  with  a  mag- 
nification of  50  diameters,  the  micro-structure  of  the  outer  region 
(upper  part  of  the  two  figures)  of  two  pieces  of  steel,  case- 
hardened  under  different  conditions.  In  the  first,  the  concen- 
tration of  the  carbon  of  the  outer  strata  exceeded  1.3%.  Note 
especially  (see  the  upper  part  of  the  figure)  the  characteristic 
fragile  veins  of  cementite,  which  on  the  other  hand  are  lacking 
in  the  other  specimen,  in  which  the  concentration  of  the  carbon, 
even  in  the  superficial  layer  (formed  of  pure  pearlite)  does  not 
exceed  0.9%. 

In  order  to  better  fix  the  ideas  regarding  the  concentrations 
of  the  carbon  which  are  characteristic  of  the  two  types  of  car- 
burized zone  (fragile  and  non-fragile)  attention  is  called  to  the 
two  following  figures  (3  and  4)  showing  two  diagrams  of  the 
distribution  of  the  carbon  in  the  same  two  zones  shown  by  the 
preceding  photo-micrographs.  In  the  two  diagrams  the  abscis- 
sae correspond  to  the  depth  of  the  various  strata  analyzed,  start- 
ing from  the  outer  surface,  while  the  ordinates  represent  the 
concentration  of  the  carbon,  determined  by  means  of  chemical 
analyses  from  these  individual  strata.  The  diagram  of  Fig.  3 
corresponds  to  the  photo-micrograph  Fig.  1  and  that  of  Fig.  4  to 
the  photo-micrograph  of  Fig.  2. 

(e)  Definite  assurance  of  obtaining,  in  the  carburized  zone, 
the  most  suitable  distribution  of  the  concentration  of  the  carbon ; 
and  this,  especially  in  the  sense  that  such  concentration  shall 
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dinuDiBh  in  a  gradual  and  continuous  manner  from  the  outer 
layers  of  the  piece  to  those  lying  deeper  and  deeper,  without  pre- 
senting abmpt  change,  and  in  correepondence  with  which  are 


always  found  (after  quenching)  phenomena  of  brittleness  which 
manifest  themselves  especially  under  the  form  of  exfoliating 
cracks  in  the  piece  subjected  to  the  process. 
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The  principal  cause  of  abrupt  discontinuities  in  the  varia- 
tion of  the  concentration  of  the  carbon  in  the  successive  strata 
of  the  carburized  zone  is  dependent  on  the  phenomenon  of  seg- 
regation of  the  cementite  and  of  the  ferrite  which  occurs  during 
the  cooling  of  the  piece,  especially  if  in  the  treated  zone  the  con- 
centration of  the  carbon  reaches  especially  high  values. 
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Fig.  3.     Diagram  Corresponding  to  Fig.  1. 


Such  phenomena — to  which  I  can  here  give  only  the  briefest 
reference — ^have  as  their  result  a  marked  accumulation  of  car- 
bon in  certain  determinate  strata  of  the  carburized  zone,  so  that, 
between  these  strata  and  those  lying  immediately  adjacent,  there 
exists  an  abrupt  change  in  the  concentration  of  the  carbon. 
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This  fact  appears  clearly  from  an  examination  of  the  dia- 
gram of  Pig.  3  which  represents  (in  the  manner  above 
described)  the  distribution  of  the  carbon  in  a  carburized 
zone  in  which  are  to  be  noted  the  phenomena  of  segregation 
referred  to  above.     Thus,  in  this  diagram,  it  is  clearly  seen 
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Tig.  4.     Diagram  Corresponding  to  Fig.  2. 


that  the  concentration  of  the  carbon  falls  abruptly  from  1.3% 
to  0.9%  in  passing  from  the  stratum  at  1.2  mm  (0.048  inch) 
depth  to  that  adjacent  at  a  depth  of  1.3  mm  (0.052  inch). 

(17)  For  the  reasons  which  I  have  already  noted,  the  con- 
ditions indicated  in  the  preceding  paragraph  may  be  realized  in 
the  best  and  most  certain  manner  by  adopting  agents,  the  activ- 
ity of  which  is  due  exclusively  or  in  absolutely  preponderant 
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degree,  to  the  specific  action  of  carbon  monoxide.  Such  agents, 
employed  under  conditions  of  temperature  and  of  pressure, 
definitely  determined — ^fundamentally  by  reference  to  the  theo- 
retical concepts  to  which  I  have  made  reference  above — permit 
the  realization  in  practice  of  all  the  conditions  indicated  in  the 
preceding  paragraph. 

These  are  known  in  the  art  and  by  reason  of  this  fact  under 
the  name  of  **  gradual ''  agents  to  distinguish  them  from  the 
others  (especially  nitrogenous  organic  substances,  hydrocarbons, 
cyanides  and  ferrocyanides)  which  are  called  ''abrupt"  agents, 
because  they  furnish  cementation  characterized  by  a  sudden  and 
marked  elevation  in  the  concentration  of  the  carbon,  and  which 
with  difficulty  admits  of  regulation  with  variation  in  the  con- 
ditions of  operation,  and  gives  rise  to  carburized  zones,  which — 
for  reasons  above  noted — present,  in  determinate  regions  of  their 
thickness,  abrupt  variations  in  the  concentration  of  the  carbon. 

(18)  The  most  important  group  of  ''gradual"  agents  used 
in  the  art  is  the  following : 

(a)  Agents  constituted  of  different  forms  of  charcoal — 
powdered  or  granular — formed  in  preponderant  degree  of  pure 
carbon  and  arising  from  the  decomposition  of  organic  substances. 

Such  are  the  charcoals  derived  from  various  types  of  wood, 
calcined  lampblack  and  bone  charcoal,  also  calcined. 

The  activity  of  these  agents  is  due  almost  exclusively  to  the 
action  of  the  carbon  monoxide  which  is  formed  by  the  reaction 
of  the  coal  on  the  oxygen  of  the  air  which  impregnates  its  mass. 

For  charcoals  deprived  of  organic  residues  and  of  salts  (espe- 
cially carbonates)  the  carbon  monoxide  is  very  much  diluted  by 
the  nitrogen  of  the  air  from  which  it  is  derived.  They  are  thus 
agents  very  "gradual",  suited  to  give  case-hardened  zones  with 
low  or  moderate  carbon  content.  Such  agents  exhaust  them- 
selves quickly  by  the  gradual  dispersion,  by  diffusion,  of  the 
small  amount  of  carbon  monoxide  which  they  contain. 

In  proportion  as  the  percentage  of  undecomposed  organic 
residue  contained  in  the  coal  is  increased,  their  "abrupt"  car- 
burizing  action — similar  to  that  of  the  hydrocarbons  which  we 
shall  examine  later — is  added  to  the  "gradual"  action  of  the 
carbon  monoxide,  and  agents  are  obtained  less  and  less  "grad- 
ual"  in   operation.     Such   are   animal   charcoal   only  slightly 
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burned,  and  soot  obtained  at  low  temperature.  Agents  endowed 
with  analogous  properties  are  obtained  by  mixing  with  charcoal 
varying  proportions  of  organic  substances  (sawdust,  oils,  etc.). 

(b)  The  agents  formed  by  mixtures  of  powdered  or  granu- 
lar charcoal  with  carbonates  which  undergo  dissociation  at  high 
temperature. 

The  activity  of  such  agents  is  due  almost  exclusively  to  the 
action  of  the  carbon  monoxide  which  is  formed  by  the  reaction 
of  the  charcoal  on  the  carbonic  anhydride  arising  from  the  dis- 
sociation of  the  carbonates.  The  active  carburizing  atmosphere 
which  impregnates  these  agents,  being  formed  in  absolutely  pre- 
ponderant degree  of  pure  carbon  monoxide  (which,  developing 
as  a  result  of  heat,  drives  out  of  the  receptacle  in  which  the 
process  is  carried  on,  the  greater  part  of  the  nitrogen  of  the 
air  which  was  contained  there)  its  action  is  more  intense  and 
more  rapid  than  that  of  the  cements  in  (a).  But  when  this 
operation  is  not  carried  out  at  too  high  temperatures  these 
agents  may  still  be  considered  as  ''gradual". 

The  quantity  of  carbonic  anhydride  which  develops  from 
the  carbonates  contained  in  agents  of  this  group  being  limited, 
they  become  exhausted  in  very  long  operations  by  the  diffusion 
of  the  gas  beyond  the  receptacle  in  which  the  operation  is  car- 
ried out.  However,  the  agents  themselves  may  be,  at  least  in 
part,  regenerated  by  exposure  to  the  air  after  having  been  used. 
In  such  case,  in  fact,  the  products  of  the  dissociation  of  the  car- 
bonates contained  in  them,  absorb  from  the  atmosphere  a  part, 
larger  or  smaller,  of  the  carbonic  anhydride  which  they  had  lost 
by  heating. 

The  agent  of  this  group  most  commonly  used  is  that  formed 
of  60  parts  of  powdered  wood  charcoal  mixed  with  40  parts 
of  carbonate  of  barium,  also  pulverized.  This  is  known  under 
the  name  of  *'Caron's  cement"  because  it  was  proposed  by 
Caron  some  fifty  years  ago.  This  is  the  most  easily  regulated, 
the  most  effective  and  the  most  readily  regenerated  of  all  the 
agents  of  its  class. 

Other  agents  of  the  same  class  are  those  formed  of  powdered 
charcoal  mixed  with  variable  proportions  (from  2  to  15  percent) 
of  alkaline  carbonates  and  alkaline  earths. 

(c)  The  agent  composed  of  simple  wood  charcoal  in  a  granu- 
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lar  condition  through  which  is  caused  to  circulate  a  more  or  less 
slow  current  of  carbon  monoxide.  In  practice,  with  the  velocity 
of  the  reactions  which  are  involved  in  these  conditions,  the  car- 
bon monoxide  may  be  replaced  with  carbonic  anhydride. 

After  what  I  have  already  said — especially  in  sections  (13), 
(14)  and  (15) — it  is  easily  understood  that  this  agent  operates 
in  practice  exclusively  by  the  specific  action  exercised  by  carbon 
monoxide  on  the  iron,  the  charcoal  serving  simply  to  regenerate, 
in  continuous  manner,  the  mixture  of  carbonizing  gases,  thus 
maintaining  in  them  a  constant  proportion  between  the  concen- 
trations of  the  two  constituents  (CO  and  COj). 

This  is  the  agent  in  which  may  best  be  regulated  the  action 
of  the  carburizing  substance.  Furthermore,  in  this  agent  is 
utilized  in  the  best  manner  the  characteristic  rapidity  of  cemen- 
tation by  carbon  monoxide.  This  is,  in  fact,  practically 
inexhaustible,  because  it  is  easy  to  bring  into  the  receptacle  in 
which  the  operation  is  carried  on,  a  gentle  current  of  carbon 
monoxide  (or  of  carbonic  anhydride)  thus  compensating  for 
the  small  loss  of  the  carburizing  gas  due  to  the  operation  of 
diffusion. 

The  action  of  this  agent  may  be  rendered  more  rapid  in 
determinate  measure  by  augmenting  the  temperature  or  the  pres- 
sure, or  by  mixing  with  the  gas  which  circulates  in  the  case-hard- 
ening receptacle  a  determinate  quantity  of  gaseous  hydrocarbon. 
It  may,  on  the  other  hand,  be  rendered  more  ** gradual"  by 
diminishing  the  partial  pressure  of  the  carburizing  gas,  and  this 
may  be  realized  by  simply  adding  a  determinate  quantity  of  air 
to  the  carbonic  anhydride  which  is  circulated  through  the  case- 
hardening  chamber. 

(d)  The  agent  composed  simply  of  pure  carbon  monoxide. 
For  reasons  which  it  does  not  seem  necessary  to  present  here, 
and  also  because  being  purely  negative  they  have  no  direct  prac- 
tical interest,  this  cement  is  too  mild.  It  is  scarcely  ever  used 
in  practice,  because  in  the  conditions  in  which  it  might  be 
applied  in  the  art  of  case-hardening,  it  would  furnish  carburized 
zones  w4th  too  low  a  percentage  of  carbon. 

(19)  As  I  have  already  noted  [section  (17)]  in  contra- 
distinction to  the  ** gradual"  agents  above  enumerated,  atten- 
tion must  be  given  to  the  ** abrupt"  agents,  characterized  by  the 
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fact  that  they  give  rise  to  earburized  zones  in  which  the  concen- 
tration of  the  carbon  rises  most  rapidly  to  very  high  values, 
especially  in  the  external  layers;  so  that  in  the  passage  from 
these  layers  to  those  next  below,  the  concentration  itself  under- 
goes an  abrupt  decrease.  These  facts — which  are  the  cause  of 
dangerous  phenomena  of  brittleness  in  the  treated  and  hardened 
zone — are  most  strongly  accentuated  when  the  operation  is  car- 
ried out  at  a  somewhat  elevated  temperature  (for  example  above 
850°  C)  or  if  the  duration  of  the  operation  is  somewhat  pro- 
longed so  as  to  obtain  a  earburized  zone  superior  to  1  mm  or 
1.5  mm  (0.04  to  0.06  inch)  in  thickness.  For  these  reasons  agents 
of  this  class  are  not  practical  unless  perhaps  in  cases  in  which 
it  is  suflScient  to  obtain  a  earburized  zone  of  very  little  thick- 
ness (a  few  tenths  of  a  millimeter),  or  in  which  the  treated  piece 
will  not  be  called  on  to  withstand  violent  shocks.  Such  cases  are 
found,  for  example,  with  pinions  or  gears  intended  to  operate  in 
continuous  manner  and  imder  a  small  load,  for  stems  of  valves, 
etc.  The  agents  of  this  class  (** abrupt")  may  be  noted  under 
the  following  principal  groups: 

(e)  Organic  substances,  pulverized.  Nitrogenous  sub- 
stances in  particular  are  employed,  as  for  example  filings  or 
scrapings  of  horns,  hoofs  or  hides* of  various  animals,  leather 
parings,  etc.  There  are  also  often  used  residues  from  oily  grains, 
sawdust,  etc. 

(f)  Oaseous  hydrocarbons  (illuminating  gas,  acetylene)  or 
certain  liquids  in  the  state  of  vapor  (benzol,  petrol,  etc.). 

(g)  Cyanides,  ferrocyanides  or  ferricyanides  in  the  state  of 
fusion. 

Beyond  the  objections  noted  above,  these  agents  present 
those — ^still  more  serious  in  practice — derived  from  the  great 
complexity  of  the  reactions  to  which  their  carburizing  action  is 
due.  In  consequence  it  becomes  most  diflScult  to  regulate  the 
action  in  such  manner  as  to  obtain  with  certainty  the  desired 
results. 

Such  reasons  exclude  the  use  of  these  agents  in  the  greater 
number  of  practical  cases,  and  in  special  degree  in  those  cases  in 
which  it  is  desired  to  obtain  (as  for  example  in  armor  plates)  a 
very  deep  zone  of  cemented  steel  and  endowed  with  determinate 
mechanical  properties. 
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(20)  In  what  concerns  the  mode  of  using,  in  practice,  the 
TariouB  carburizing  materials  which  I  have  above  classified  in 
accordance  with  their  characteristic  mode  of  operation,  they 
may  be  subdivided  into  four  groups. 

(1)  Solid  agents  (comprising  those  which  I  have  noted 
under  the  letters  (a.b,  e).  (2)  Liquid  agents,  g.  (3),  Gaseous 
agents,  d.  f.    (4),  Mixed  agents,  c. 

The  various  agents  appertaining  to  each  of  these  groups  are 
used  under  approximately  the  same  conditions.  Let  us  see, 
briefly,  what  the  conditions  are  for  each  of  the  groups.  These 
vary  naturally  with  variation  in  the  dimensions  and  in  the  form 
of  the  piece  which  it  is  desired  to  subject  to  the  process. 

(21)  For  the  treatment  of  pieces  of  medium  and  small 
dimensions,  and  the  weight  of  which  may  vary  from  a  few  grams 
to  a  maximum  of  300  to  400  kilos  (660  to  880  pounds)  (usually 
members  of  machines  or  tools),  the  case  hardening  with  solid 
agents  is  carried  out  in  a  closed  box  or  pot.  On  the  bottom  of  a 
box  of  cast  or  sheet  steel  of  appropriate  dimensions,  a  layer  of 
the  carburizing  substance  is  placed  of  some  few  centimeters 
thickness  (1  inch  or  more)  on  which  is  placed  a  first  layer  of 
the  pieces  to  be  subjected  to  the  process  and  so  spaced  that 
between  them  there  is  a  distance  of  at  least  three  or  four  centi- 
meters (1.20  to  1.60  inch).  On  this  first  layer  of  pieces  is  then 
placed  a  layer  of  carburizing  material  which  covers  it  entirely, 
taking  care  to  see  that  it  fills  in  completely  the  spaces  between 
the  parts.  On  this  new  layer  of  material  may  be  placed  a  sec- 
ond series  of  pieces,  then  more  material  and  so  on  until  the  box 
is  filled.  The  box  is  then  closed  with  a  cover  of  sheet  steel,  care 
being  taken  to  lute  well  the  joint  with  some  refractory  material. 
T«  f  ;^  r^ :«  "iiown  a  box  thus  charged.    The  boxes  are  then  intro- 

verberatory  furnace  and  slowly  heated  to  the  tem- 
red  (usually  between  850°  and  1050°  C).  The 
3r  this  purpose  does  not  present  anything  unusual 
ction.     Use   is   made  of   furnaces   heated   either 
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directly  by  coal  or  by  producer  gas,  or  by  heavy  oils  or  even  by 
illuminating  gas.  Fig.  6  represents  the  transverse  sivtion  of 
such  a  furnace  heated  by  producer  gas.  Jn  the  furnace  is  placed 
a  box  (11).  The  following  figure  (Fig.  7)  shows  in  perspective 
a  group  of  case-hardening  furnaces  of  the  type  shown  in  Fig.  6. 
The  operation  being  completed,  the  boxes  are  removed  from 
the  furnace  and — after  slow  cooling — are  opened  in  order  to 
take  out  the  case-hardened  pieces,  which  are  then  subjected  to 
heat  treatment  in  the  manner  noted  later  on. 


Ftf.  7.    Otonp  ol  OM*-h*t<l«iUic  FonucM  ot  Typ*  tliawn  In  Ilf.  6. 

The  most  serious  objections  in  practice  to  the  use  of  the  pot 
or  box  in  this  manner,  are  the  following : 

(1)  The  long  time  which  is  necessary  in  order  for  the  tem- 
perature of  cementation  (reached  rapidly  in  the  strata  of  the 
mass  adjacent  to  the  walls  of  the  pot)  to  penetrate  to  the  central 
regions.  The  consequences  of  this  fact  are :  The  long  duration, 
and  hence  the  high  cost,  of  the  operation;  irregularity  in  the 
degree  of  carburization  which  results  highest  in  the  parts  adja- 
cent to  the  walls  of  the  pot  and  minimum  in  the  parta  located 
toward  the  center;  and  finally,  the  serious  deformation  of  the 
pieces  subjected  to  the  process,  due  to  the  varying  degree  of 
heating  in  different  parts  of  the  same  piece. 
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(2)  The  large  consumption  of  pots,  the  cost  of  which 
increases  seriously  the  cost  of  the  process. 

(3)  The  difficulty  of  controlling  the  actual  temperature  of 
the  pieces  subjected  to  the  process,  it  being  necessary  in  practice 
to  be  content  with  the  determination  of  the  temperature  of  the 
outside  of  the  receptacle. 

An  effort  has  been  made  to  obviate  in  part  the  last  named 
objection  by  making  holes  in  the  cover  of  the  receptacle,  through 
which  are  introduced  rods  of  steel,  allowing  an  end  to  project 
outside,  and  extending  on  the  inside  to  the  center  of  the  mass 
contained  therein.  Withdrawing  one  of  these  rods  (called  spies) 
from  time  to  time,  quenching  it  and  examining  the  fracture,  will 
then  furnish  the  basis  for  a  judgment  as  to  the  progress  of  the 
operation.  Such  a  procedure  is,  however,  not  without  certain 
practical  difficulties. 

When  it  is  desired  to  make  use  of  solid  materials  for  very 
deep  cementation,  as  for  example  in  the  complete  cementation  of 
the  bars  of  iron  which  are  to  be  transformed  into  cast  steel  (see 
section  6),  use  is  made  of  a  receptacle  or  case  formed  of  refrac- 
tory material  inclosed  in  a  cementation  furnace.  In  such  case 
the  objections  noted  above  as  inherent  in  the  use  of  the  pot  or 
box  appear  in  still  stronger  degree,  with  the  exception  of  No.  2. 

Solid  materials  are  also  used  for  the  case-hardening  of  armor 
plates,  in  which  case  the  two  plates  are  disposed  horizontally  in 
a  furnace  with  the  two  surfaces  to  be  treated  placed  face  to  face 
in  such  manner  that  these  form  by  themselves  two  of  the  walls 
of  the  cementation  box.  In  the  interval  between  the  two  plates 
is  placed  the  material,  and  the  closure  of  the  box  is  completed 
with  walls  of  refractory  material,  luted  tight.  Under  these  con- 
ditions a  complete  operation  requires  from  18  to  45  days  accord- 
ing to  the  thickness  of  the  plate. 

(22)  The  liquid  substances — ^used  in  practice  (for  the 
reasons  already  noted),  for  the  treatment  of  pieces  of  small 
dimension  only,  (calipers,  pivots,  various  cutting  tools,  etc.), 
are  employed  in  two  essentially  different  ways. 

(A)  Immersing  the  piece  to  be  treated  in  the  fused  car- 
burizing  material  (usually  cyanide  of  potassium). 

(B)  Sprinkling  the  piece  to  be  treated,  after  having  heated 
it  red  hot,  with  pulverized  material    (usually  ferrocyanide  of 
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potassium)  and  continuing  the  heating — for  example  over  a  forge 
fire — in  such  manner  as  to  melt  the  material  which  then  forms  a 
species  of  ** varnish"  over  the  piece. 

The  second  procedure  is  used  only  when  it  is  desired  to 
obtain  carburized  zones  of  a  thickness  not  exceeding  two  or  three 
tenths  of  a  millimeter  (0.008  to  0.012  inch). 

(23)  The  use  of  gaseous  carburizing  agents  for  the  case- 
hardening  of  mechanical  parts  of  small  or  of  medium  dimension 
is  not  widely  diffused  and  this  for  the  reason  already  noted  (See 
section  18  d,  and  19).  However  there  are  made  and  on  sale 
special  rotative  furnaces,  very  ingenious  and  intended  to  render 
practicable  the  use  of  this  form  of  agent. 

Gaseous  agents  (illuminating  gas)  are,  on  the  other  hand, 
still  used  for  the  cajse-hardening  of  armor  plates.  In  such  ease 
two  plates  are  disposed  horizontally  in  a  furnace,  in  such  man- 
ner as  to  form — with  the  aid  of  steel  bars  disposed  between  them 
about  the  edge — a  genuine  cementation  box,  in  the  interior  of 
which  the  illuminating  gas  is  caused  to  flow. 

This  process — introduced  into  the  art  by  the  Schneider  Co. 
— ^has  the  objection  of  giving  rise  to  an  excessive  concentration 
of  carbon  in  the  external  part  of  the  plate.  Such  part  is  then 
liable  to  become  brittle  as  a  result  of  the  heat  treatment,  which 
may  produce  also  deep  cracks  similar  to  those  shown  in  the 
armor  plate  reproduced  in  Fig.  8.  The  width  of  the  cracks  in 
the  plate  here  shown,  exceeds  in  several  places  a  half  centimeter 
(.2  inch).  For  these  reasons,  and  also  for  others  on  which  I 
can  not  here  pause — ^this  process  is  no  longer  used  or  only  by  a 
few  makers  of  armor  plate  who  may  prefer  to  avoid  the  dif- 
ficulties of  treatment  with  solid  agents  (see  preceding  section) 
and  consisting  chiefiy  in  the  much  greater  cost  due  to  the  longer 
duration  of  the  operation. 

(24)  Among  the  mixed  agents  properly  so  called,  the  only 
one  used  in  the  art  is  that  composed  of  a  granular  mass  of  char- 
coal, through  which  is  caused  to  circulate  a  current  of  carbonic 
anhydride,  pure  or  mixed  with  other  gases,  suited  to  regulate 
the  action. 

Of  the  mode  of  operation  of  this  agent — the  only  one  which 
permits  the  utilization  in  a  complete  manner  of  the  advantages 
presented  by  the  specific  carburizing  action  of  carbon  monoxide 
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— I  have  already  spoken.    Let  us  see  here,  briefly,  how  it  is  used 
in  practice  in  the  chief  typical  cases. 

(A)  For  the  case-hardening  of  mechanical  parts  of  small 
or  medium  dimension,  there  is  used,  preferably,  a  vertical  muf- 
fle furnace,  of  the  type  of  that  reproduced  in  vertical  section  in 


Fig.  9.  In  this  furnace,  heated  by  gas  producer  fuel,  the  pieces 
are  charged  into  the  furnace  from  the  top  A,  (see  Figs.  10,  11 
and  12),  and  are  carried  by  the  movable  bottom  F,  Fig.  9.  On 
this  ia  placed  the  granulated  charcoal  and  the  current  of  car- 
bonic anhydride  is  brought  in  through  the  tube  D.     The  opera- 
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tion  being  completed,  the  granular  charcoal  is  removed  by  way 
of  the  channel  B  into  the  receptacle  O,  from  which  it  is  quickly 
turned  into  another  muffle  already  charged  with  pieces,  in  such 
manner  as  to  use  it  while  still  hot.  The  treated  pieces  are  with- 
drawn with  the  greatest  facility  by  raising  them  to  the  level  of 
the  upper  mouth  of  the  furnace  by  means  of  the  movable  bot- 
tom F,  which  is  pushed  up  by  a  hydraulic  lift. 

Furnaces  of  this  type  are  also  constructed,  heated  by  illumi- 
nating gas  or  by  mineral  oil  (see  Fig.  13). 

The  process  here  noted,  while  it  permits  of  the  complete 
utilization  of  the  most  advantageous  properties  of  carbon  monox- 
ide— of  which  I  have  already  spoken — eliminates  in  practice  all 
the  objections  arising  from  the  use  of  the  case-hardening  pot 
or  box. 

(B)  For  the  complete  cementation  of  bars  of  iron,  the 
mixed  agent  with  a  base  of  carbon  monoxide  may  be  used  in 
furnaces  with  refractory  casing,  similar  to  those  which  I  have 
referred  to  above  (see  section  21)  used  for  solid  agents.  The 
carbonic  anhydride  is  then  brought  into  the  casing  at  the  bot- 
tom. In  this  manner  the  complete  cementation  of  the  bars  is 
obtained  in  a  time  not  exceeding  one  fourth  of  that  necessary 
when  use  is  made  of  the  ordinary  solid  agents. 

(C)  For  the  case-hardening  of  armor  plates,  the  plates  are 
arranged  in  pairs  in  such  manner  as  to  form  the  sides  of  a 
cementation  box,  in  similar  manner  to  the  arrangement  referred 
to  for  the  use  of  gaseous  agents  (see  section  23).  However  in 
this  case,  the  box  is  preferably  disposed  in  the  furnace  in  such 
manner  as  to  bring  the  plates  into  the  vertical  position. 

The  characteristic  advantages  of  a  mixed  agent  with  base  of 
carbon  monoxide  reach,  in  this  case,  their  maximum  value,  per- 
mitting the  reduction  of  the  time  required  for  the  treatment  of 
armor  plates  to  six  or  seven  days,  and  the  practical  elimination 
of  brittleness  in  the  face  of  the  plate  and  of  the  formation  of 
the  deep  cracks  which  characterize  plates  treated  with  "abrupt*' 
agents. 

The  use  of  mixed  agents  with  base  of  carbon  monoxide,  and 
the  various  methods  of  practical  application  are  protected  in  all 
industrial  countries  by  patents  belonging  to  the  Societa  Anonima 
Italiana  Qio.    Ansaldo  &  C  of  Genoa. 
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CHAPTER  IV. 

TREATMENT  AND  CHARACTERISTIC  PROPERTIES  OF 

CEMENTED  PARTS. 

(25)  Having  thus  examined  briefly  the  various  types  of 
carburized  zones — both  as  to  their  chemical  characteristics 
depending  on  the  concentration  and  distribution  of  the  carbon 
and  the  various  modes  of  carrying  out  the  operation  in  practice 
— it  is  desirable  to  note  further  the  technical  characteristics  of 
the  pieces  treated  in  accordance  with  the  various  methods.  And 
since  such  characteristics  depend  in  very  large  measure  on  the 
heat  treatment  to  which  the  pieces  are  subjected  after  case- 
hardening,  it  is  necessary  to  premise  briefly  with  regard  to  such 
treatment. 

The  heat  treatment  of  a  case-hardened  piece  should  be 
devised  in  such  manner  as  to  realize,'  at  the  same  time  and  with 
the  same  means,  two  distinct  purposes.  The  first  of  these  is  to 
impart  the  maximum  strength  to  the  metal  constituting  the 
interior  of  the  piece  (** heart*')  and  to  which  the  carburizing 
action  of  the  agent  has  not  reached,  taking  due  account  of  the 
fact  that  such  metal  during  the  process  has  been  overheated  to 
a  considerable  degree  and  during  a  considerable  time,  and  is, 
therefore,  in  need  of  some  form  of  regenerating  treatment. 

The  second  purpose  is  to  impart  the  maximum  surface  hard- 
ness to  the  treated  metal  in  the  outer  layers  of  the  piece. 

Both  of  these  purposes  may  be  realized  by  "quenching" 
operations.  The  temperatures  at  which  such  quenching  opera- 
tions should  be  carried  out  vary  notably  with  change  in  the 
position  of  the  critical  points  of  the  metal  constituting  the  vari- 
ous parts  of  the  piece  treated,  and  hence  with  variation  in  the 
initial  composition  of  the  steel  subjected  to  the  process.  It  thus 
appears  desirable  to  examine  briefly  the  problem  in  relation  to 
the  composition  of  the  types  of  steel  used  most  commonly  for 
case-hardening  purposes. 

(A)  Ordinary  Carbon  Steel.  This  is  used  for  reasons  of 
economy  in  cases  where  it  is  not  necessary  to  obtain  exception- 
ally high  values  of  the  strength  in  the  body  of  the.  piece  treated. 
Low  carbon  ste^l  is  preferred  (usually  about  .10%),  with  man- 
ganese about  .40%.     In  order  that  the  preliminary  quenching 
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(that  intended  to  give  the  desired  toughness  to  the  body  of  the 
piece)  may  be  effective,  it  should  be  carried  out — for  reasons  well 
known — at  a  rather  high  temperature  (in  general  about  900^ 
C.)  and  therefore  preferably  in  oil.  It  follows  that  such  a 
quenching  cannot  impart  the  maximum  hardness  to  the  treated 
zone,  so  that,  where  necessary  to  obtain  such  maximum  hard- 
ness, it  is  necessary  to  follow  this  first  quenching  with  a  second 
(usually  in  water)  carried  out  at  a  lower  temperature  (usually 
from  750°  to  780°  C).  The  treatment  may  be  simplified,  limit- 
ing it  to  the  first  quenching  carried  out  at  a  temperature  of  850° 
to  900°  C.  in  cases  where  it  is  not  necessary  to  obtain  the  maxi- 
mum hardness  in  the  treated  zone,  or  to  the  second  quenching 
(carried  out  at  a  temperature  toward  800°)  in  cases  where  it  is 
not  necessary  to  obtain  a  great  toughness  of  body  in  the  treated 
piece. 

(B)  Nickel  Steel.  Choice  is  usually  made  of  steels  contain- 
ing about  2%  of  nickel  and  about  .10  to  .20%  of  carbon  with 
about  .40%  of  manganese.  With  these  steels  it  is  possible  to 
lower  notably  the  temperature  of  the  preliminary  quenching 
(down  towards  820°  to  850°)  thus  realizing  for  the  soft  metal  of 
the  body  of  the  piece  a  toughness  superior  to  that  which  can  be 
realized  with  carbon  steels.  These  steels  also  permit,  as  well  as 
the  preceding,  of  obtaining  good  results  by  means  of  a  single 
quenching. 

With  all  other  conditions  equal,  nickel  steels  are  case-hard- 
ened a  little  less  rapidly  than  carbon  steels,  and  give  carburized 
zones  having — after  quenching — a  surface  hardness  a  little  in- 
ferior. 

(C)  Chrome  Nickel  Steels.  Choice  is  usually  made  of 
steels  containing  from  3  to  5%  of  nickel,  less  than  1%  of  chro- 
mium, less  than  .15%  of  carbon  and  .40  to  .50%  of  manganese. 
These  steels  are  case-hardened  more  readily  than  those  mentioned 
previously,  and  are  very  well  adapted  to  give,  by  means  of  the 
double  quenching  (about  850°  to  730°  C.)  higher  values  of  the 
strength  of  body  of  the  treated  piece,  with  hardness  in  the  car- 
burized zone.  They  give  also,  by  means  of  a  single  quenching 
(toward  800°)  strength  and  hardness  respectively  superior  to 
those  obtainable  with  the  other  steels  mentioned. 

(26)  A  piece  of  steel,  case-hardened  and  then  subjected  to 
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a  saitable  heat  treatment,  issues  as  though  coDstitnted  of  two 
parts. 

(a)  The  ceutral  part,  the  strength  of  which  should  be  as 
high  as  possible. 

The  mechanical  properties  of  this  part  of  the  piece  vary, 
naturally,  between  the  widest  limits,  with  variation  in  the  com- 
position of  the  steel  employed  and  the  treatment  to  which  it  is 
subjected.  It  may  be  laid  down,  however,  that  the  metal  which 
constitutes  this  part  should  present  a  tensile  strength  from  60  to 


Hi.  1 


90  kg.  per  m  m*  (85,000  to  128,000  pounds  per  square  inch) ;  an 
elongation  exceeding  10%  and  a  resistance  to  shock  exceeding  7 
to  10  kilogram  meters  per  cm'  (326  to  466  foot-pounds  per 
square  inch). 

Ordinarily  the  strength  of  the  inner  part  of  the  piece  is  eon- 
trolled  by  means  of  a  series  of  pieces  case-hardened  and  treated, 
and  broken  under  a  hammer  or  by  testing  machine.  If  the 
strength  is  sufficient,  the  fracture  of  the  inner  part  of  the  piece 
should  present  a  fibrous  characteristic.  Such  is  the  case,  for 
example,  in  the  test  specimen  shown  in  Fig.  14. 

(b)   The  surface  or  outer  layers  (earburized  zone)  the  hard- 
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ness  of  which,  in  normal  cases,  should  exceed  that  corresponding 
to  the  Brinell  numbers  600  to  700. 

The  fracture  of  the  metal  of  such  a  zone,  obtained  by  break- 
ing in  testing  machine  or  under  hammer  a  piece  case-hardened 
and  heat-treated  should  show  a  structure  with  very  fine  grains,  or 
even  amorphous  with  a  vitreous  aspect  and  conchoidal  fracture. 
Fig.  15  shows  a  number  of  fractures  with  such  characteristics  in 
the  case  of  various  pieces  carburized  to  varying  depths. 

I  have  already  indicated  (see  section  16)  the  principal 
causes  which  may  give  rise  to  phenomena  of  brittleness  in  the 
carburized  zone.  Among  such  causes,  the  principal  are  the  ex- 
cessive concentration  of  carbon  in  the  surface  strata  of  the  piece 
and  the  abrupt  variation  in  such  concentration  between  strata 
contiguous  to  the  treated  zone. 

Having  already  noted  the  causes  and  the  character  of  these 
facts,  it  appears  opportune  to  note  here  briefly,  with  two  simple 
examples,  the  characteristic  manner  in  which  their  practical  con- 
sequences are  manifested. 

(27)  As  to  the  effects  of  brittleness  resulting  from  an  ex- 
cessive concentration  of  carbon  due  to  the  use  of  a  too  ** abrupt" 
agent,  they  are  manifest  so  much  the  more  clearly  the  thicker 
the  treated  zone.  I  will  cite,  therefore,  an  example  in  which  this 
last  condition  was  present  in  marked  degree — ^that  of  an  armor 
plate  of  a  thickness  of  300  mm  (11.8  inches).  Fig.  16  repro- 
duces the  appearance  of  such  a  plate  struck  by  a  capped  armor 
piercing  projectile.  The  treated  zone — obtained  with  a  mixed 
agent  with  carbon  monoxide  as  base  and  in  which  the  concentra- 
tion of  the  carbon  at  no  point  exceeded  the  value  desired  and 
which  was  subjected  to  a  rational  heat  treatment — did  not  pre- 
sent the  slightest  brittleness. 

And  notwithstanding  this,  the  extreme  hardness  of  the 
treated  zone  is  proved  (other  than  by  the  mechanical  tests  car- 
ried out)  also  from  the  effect  of  another  shot,  aimed  at  a  point 
about  90  em  (35.4  inches)  from  the  first,  with  an  uncapped  pro- 
jectile at  a  velocity  corresponding  to  that  ordinarily  used  for  the 
acceptance  test  of  such  plates.  In  this  second  experiment,  the 
treated  zone  presented  a  hardness  sufficient  to  break  up  the  pro- 
jectile into  small  fragments  and  without  on  the  other  hand  splin- 
tering itself  in  the  least  degree.     (See  shot  No.  1,  Fig.  16). 
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When,  on  the  other  hand,  the  concentration  of  the  carbon 
reaches  a  value  too  high,  the  treated  face  of  the  plate  becomes 
brittle  and,  under  the  shock  of  the  projectile,  will  splinter  more 
or  less  extensively,  diminishing  in  serious  degree  the  ulterior 
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protective  efficiency  of  the  plate  over  an  area  more  or  less  ex- 
tended. Such  is,  for  example,  the  case  with  the  plate  [likewise 
of  a  thickness  of  300  mm  (11.8  inches)  ]  for  which  is  shown  in 
Fig.  17  a  region  struck  by  a  shot  under  conditions  similar  to 
those  of  the  first  shot  and  represented  in  Fig.  16. 


BYUPOSICM  ON  IRON  AND  STEEL 


THE  CASB-HARDENINO  OF  8TEK1,  79 

(28)  As  to  the  phenomenon  of  cracking  with  "exfoliation" 
properly  speaking,  examples  are  most  frequent,  and  are  met  with 
every  day  in  the  ordinary  practice  of  the  case-hardening  of  me- 
chanical parts.  I  wilt  select  one  for  which  I  have  at  hand  the 
illustrative  material. 

In  Figs.  18  and  19  are  reproduced  (with  a  magnification  of 
about  3.7  diameters)  two  fragments  of  the  shaft  (of  soft  steel 


case-hardened,  beat-treated  and  annealed)  from  the  rear  wheel  of 
a  bicycle.  The  appearance  of  the  fracture  of  this  piece — broken 
in  service — is  exactly  that  characteristic  of  such  cracking  of  steel 
case-hardened  and  quenched.  The  two  figures  above  mentioned 
show  two  polished  and  etched  plane  sections  taken  normal  to  the 
axis  of  the  piece  annealed  at  about  900°.  In  both  the  photographs 
it  is  clearly  seen  that  the  surfaces  of  the  fracture  correspond  to  a 
surface  over  which  the  structure  of  the  steel  varies  abruptly. 
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Such  fact  is  further  still  more  plainly  aeen  in  the  two  photo- 
graphs shown  in  Figs.  20  and  21  representing  with  greater  en- 
largement (60  diameters)  two  smalt  parts  of  the  line  of  demar- 
cation between  the  two  zones  of  different  structnre  of  the  section 
reproduced  in  Pig.  18.  Prom  these  photo-micrographs  it  appears 
plainly  that  the  abrupt  variation  of  the  structure  of  the  steel 
along  the  surface  of  the  fracture  corresponds  to  a  rapid  varia- 
tion in  tb  to  that 
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which  I  have  already  described  in  section  16,  illustrating  the 
same  with  the  photo-micrographs  and  the  diagrams  reproduced 
respectively  in  Figs.  1,  2,  3  and  4,  indicating  their  cause  and 
noting  that  they  are,  in  particular,  due  to  the  characteristic 
action  exercised  by  "abrupt"  agents. 

As  to  the  mechanical  explanation  of  tlie  fact  that  the  cracks 
are  produced  over  the  surface  to  which  corresponds  the  sudden 
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variation  in  the  concentration  of  the  carbon,  the  fact  is  obvious. 
Indeed  it  is  clear  that,  over  this  surface,  the  piece  behaves  as 
though  it  were  composed  of  two  distinct  parts  formed  of  two 
diverse  metals,  which  undergo  (especially  in  the  quenched  con- 
dition) diverse  deformation  as  the  result  of  one  and  the  same 
mechanical  stress,  and  expand  in  different  degree  as  a  result  of 
one  and  the  same  variation  in  temperature.     It  is  to  be  noted 


that  in  such  conditions  the  effect  of  repeated  stress  (fatigue)  is 
especially  evident  in  the  region  of  contact  between  the  two  metals. 
(29)  Even  when  the  operation  of  case-hardening  is  carried 
out  according  to  the  rational  rules  which  I  have  noted  (and  in 
particular  with  the  use  of  the  agent  best  suited  to  each  special 
case)  no  absolute  assurance  can  however  be  had  that  a  earburized 
zone  will  have  been  obtained  possessing  precisely  the  character- 
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istic  properties  sought  {depth,  concentration  of  carbon,  etc.) ,  and 
of  having  avoided  the  many  possible  sources  of  trouble,  some  of 
which  I  have  already  noted.  It  ia  therefore  desirable  to  realize 
some  measure  of  control  over  the  product  obtained. 

The  most  definite  method  of  control  consists  in  carrying  out 
determinations  of  carbon  in  samples  of  metal  taken  from  varying 
depths  in  the  treated  zone.    This,  however,  is  not  applicable  (for 


Fif.  SI  (zeo). 


obvious  practical  reasons)  except  in  certain  particular  cases,  as 
for  example  in  the  case  of  armor  plates. 

On  the  other  baud,  the  method  most  commonly  employed, 
especially  in  establishments  for  the  treatment  of  machine  parts, 
is  that  based  on  an  examination  of  the  appearance  of  the  fracture 
of  parts  after  cementation  and  heat-treatment.  However,  the 
conclusions  which  can  be  drawn  from  an  examination  of  the  ap- 
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pearBDce  of  such  fractures  (as  for  example  those  shown  in  Figs.' 
14  and  15)  are — for  reasons  which  I  cannot  here  develop — only' 
in  uncertain  measure  reliable.  There  remains  as  the  most  reliable 
method  of  control,  and  applicable  to  carbon  steels  or  to  low  per- 
centage nickel  steels,  the  examination,  either  macroscopic  or 
microscopic,  of  plane  sections  taken  from  the  piece  after  cemen- 
tation and  annealing.  Such  sections  should  be  carefully  polished 
and  etched  by  a  suitable  reagent ;  for  example  with  a  5%  alco- 
holic solution  of  picric  acid,  or  with  dilute  solutions  of  nitric  acid. 


In  Fig.  22  is  shown,  with  a  magnification  of  two  diameters, 
a  section  taken  normal  to  the  principal  axis,  from  a  cylindrical 
milling  cutter  of  soft  steel,  treated  with  a  mixed  agent  with  car- 
bon monoxide  base.  It  is  clear  that  such  an  examination  at  prac- 
tically normal  size  serves  adequately  to  place  in  evidence  the 
satisfactory  uniformity  of  the  treated  zone,  as  well  for  the  pro- 
jecting as  for  the  sunken  parts  of  the  piece. 

More  precise  control  indications  may  be  obtained  by  means 
of  a  microscopic  examination  of  a  series  of  points  along  the 
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periphery  of  such  a  sectioo,  under  greater  ma^ification  (usually 
30  to  150  diameters).  We  have  already  seen  (Figs.  I  and  2,  sec- 
tion 16)  how  such  an  examination  readily  reveals  every  increase 
in  the  concentration  of  the  carbon,  and  also  every  abrupt  varia- 
tion of  such  concentration  {see  Pigs.  20,  21)  and  permits  of  dis- 
tinguishing between  a  "gradual"  and  an  "abrupt"  cementation. 
This  permits  also  of  determining — with  greater  precision  than 
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with  the  examination  natural  size — the  grade  of  uniformity 
throughout  the  entire  treated  zone.  Thus  from  the  three  photo- 
micrographs (Figs.  23,  24,  25)  it  is  seen  that  the  carburized  zone 
obtained  in  the  same  piece  reproduced  in  Fig.  22,  comes  from  a 
"gradual"  cementation,  does  not  contain  an  excess  of  carbon 
(not  exceeding  .9%  corresponding  to  the  pure  pearlite  from  the 
external  boundary  of  the  zone),  and  preserves  such  properties 
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with  satiafactory  uniformity  in  all  its  various  parts — as  well  on 
the  extreme  points  of  the  teeth  {Fig.  23)  as  at  the  bottom  of  the 
spaces  between  them  (Fig.  24),  as  also  in  the  plane  body  of  the 
piece  (Pig.  25). 

It  is  superfluous  to  point  out  that  control  of  the  character 
here  noted— not  permitting  of  application  to  all  the  pieces 
treated — ia  only  applied  to  a  certain  number  of  pieces,  taken 


casually  from  a  series  treated  contemporaneously  in  the  same 
charge  in  a  pot  or  furnace. 

On  all  the  pieces  treated,  there  are  carried  out,  usually,  only 
tests  of  surface  hardness  after  heat-treatment.  For  such  tests  use 
is  commonly  made  of  the  well  known  methods  of  Brinell  or  of 
Shore.    Sometimes  one  is  content  with  a  simple  file  test. 
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(30)  Before  concluding  these  brief  notes  I  believe  it  oppor- 
tune to  mention  a  practical  problem  which  frequently  presents 
itself  in  the  technique  of  cementation.  I  refer  to  the  problem 
of  the  partial  protection  of  pieces  subjected  to  the  process  with 
a  view  of  obtaining,  in  certain  determinate  parts  of  their  surface, 
an  exemption  from  the  process.  In  such  pieces  it  is  often  nec- 
essary to  avoid  the  action  of  the  agent  on  certain  parts  of  the 
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surface,  where  the  metal  is  to  retain — even  after  quenching — its 
strength,  tenacity  and  softness  for  cutting  with  tools.  The  means 
commonly  employed  to  obtain  such  ends  consist  essentially  in  the 
application,  on  the  part  of  the  surface  which  it  is  desired  to  pro- 
tect, of  a  layer  of  inert  substance.  Use  is  made,  for  this  purpose, 
of  layers  of  fire  clay,  metallic  covers  applied  mechanically, 
layers  of  metal  (copper,  nickel)  electrically  deposited,  etc. 
But  these  various  protecting  substances  are  often  of  difficult 
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practical  application,  and  moreover  their  protective  action  is 
somewhat  limited,  especially  when  the  operation  is  carried  out 
at  a  very  high  temperature. 

The  problem  of  an  efiScient  partial  protection  of  the  pieces 
subjected  to  the  process  of  cementation,  is  not  yet  solved  in  a 
thoroughly  practical  and  fully  satisfactory  manner. 
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METALLOGRAPHY  AND  THE  HARDENING  OF  STEEL. 
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As  a  contribution  on  the  Metallography  of  iron  and  steel 
to  the  Engineering  Congress  I  propose  to  consider  briefly  the 
influence  exerted  by  Metallography  on  the  elucidation  of  the 
still  much  debated  question  of  the  causes  underlying  the  hard- 
ening of  steel. 

That  certain  steels  can  be  made  extremely  hard  by  rapid 
cooling  from  a  high  temperature,  as  for  instance,  by  quenching 
the  red-hot  metal  in  water,  has  been  part  of  men's  knowledge 
for  thousands  of  years.  There  is  no  record,  however,  of  any 
very  early  attempt  at  explaining  the  phenomenon. 
Phlogiston  Theory. 

During  the  phlogiston  period  it  was  held  by  many  that 
steel  was  iron  that  had  been  loaded  with  phlogiston  by  heating 
it  in  contact  with  combustible  substances,  and  that  in  order  to 
retain  in  the  metal  as  much  phlogiston  as  possible,  thereby 
increasing  its  hardness,  it  was  necessary  to  cool  it  very  quickly, 
on  the  ground  that  slow  cooling  permitted  the  escape  of  some 
phlogiston  with  corresponding  loss  of  hardness.  It  is  not  with- 
out interest  to  note  that  this  crude  conception  has  at  least  one 
point  of  resemblance  with  many  of  the  modern  theories,  namely, 
the  necessity,  in  order  to  harden  steel,  of  retaining  in  the  cold, 
through  rapid  cooling,  a  substance  or  a  condition  which  is  nor- 
mally present  in  the  metal  at  a  high  temperature ;  they  called  it 
phlogiston,  while  it  is  now  described  as  beta  iron,  solid  solution, 
amorphous  iron,  etc. 
Percy's  Explanation. 

The  publication  of  Percy's  **Iron  and  Steel"  in  1864  was 
epochal  and  his  description  of  the  views  prevailing  at  the  time 
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concerning  the  phenoihenon  of  the  hardening  of  steel  is  worth 
quoting : 

"In  molten,  or  even  in  strongly  heated  solid  steel,  the  car- 
bon is  wholly  combined,  or,  possibly,  simply  dissolved ;  and  by 
sudden  solidification  of  the  metal  in  the  one  case,  or  sudden 
cooling  of  it  in  the  other,  the  whole  of  the  carbon  remains  dif- 
fused through  the  mass.  However,  the  carbon  may  have  sep- 
arated notwithstanding,  and  exist  in  a  state  of  infinitesimally 
fine  division;  and  it  is  conceivable  that  it  may  be  in  the  allo- 
tropic  condition  of  graphite,  and  may  yet,  owing  to  what  I  will 
venture  to  designate  an  atomic  state  of  disaggregation,  be  capa- 
ble of  entering  into  combination  with  nascent  hydrogen,  and 
produce  the  residue  supposed  to  be  indicative  of  the  presence  of 
what  is  termed  combined  carbon.  Whether  this  view  be  cor- 
rect or  not,  it  is  certain  that  hard  and  soft  steel  differ  essen- 
tially with  regard  to  the  mode  of  existence  of  the  carbon  in  the 

mass.*     The  particles  of  hardened  steel  are  obviously 

in  a  state  of  tension,  which  may,  probably,  be  analogous  to  the 
particles  of  glass  in  the  unannealed  state;  and,  if  the  former 
were  transparent,  the  polariscope  would,  it  is  reasonable  to  sup- 
pose, reveal  a  structure  similar  to  that  which  it  renders  mani- 
fest in  the  latter." 

It  is  very  interesting  to  observe  that  many  of  the  assump- 
tions upon  which  modern  theories  are  based  were  familiar  to 
Percy,  namely,  the  existence  of  carbon  in  a  combined  and  dis- 
solved form  (an  early  conception  of  solid  solutions),  the  reten- 
tion by  sudden  cooling  of  carbon  in  a  diffused  condition  and 
the  existence  of  tension  or  strains  in  quickly  cooled  steel. 
Akerman's  Compression  Theory. 

In  1879  Akerman  attempted  to  explain  the  hardening  of 
steel  on  the  ground  that  the  compression  resulting  from  rapid 
cooling  converted  the  carbon  to  the  hardening  condition 
(Percy's  diffused  carbon)  in  which  form  it  imparts  hardness  to 
steel.  While  the  belief  in  the  presence  of  hardening,  i.  e.,  dis- 
solved, carbon  in  quenched  steel  is  still  a  very  general  one,  the 

*  As  early  as  1822  Faraday  showed  that  the  carbon  present  in  unhard- 
ened  steel  behaves  differently  when  subjected  to  hydrochloric  acid  from  the 
carbon  present  in  hardened  steel:  in  the  former  case  a  carbonaceous  residue 
remains  after  the  metal  has  been  dissolved,  while  in  the  latter  there  is  prac- 
tically no  residue  left. 


METALLOGRAPHY  AND  THE  HARDENING  OF  STEEL  91 

conception  that  its  formation  is  due  to  the  compression  to 
which  the  metal  is  subjected  on  quenching  is  hardly  to  be  enter- 
tained. All  evidences,  on  the  contrary,  point  to  the  hardening 
condition  being  the  normal  form  of  carbon  above  the  critical 
range  of  the  metal  and  to  its  being  retained  by  quick  cooling, 
because  such  treatment  denies  the  necessary  time  for  its  trans- 
formation into  the  cement  or  non-hardening  condition  stable 
below  the  critical  range. 

Howe's  Explanation  in  1890. 

During  the  time  that  elapsed  between  the  publication  of 
Percy's  book  and  that  of  Howe's  famous  ** Metallurgy  of  Steel" 
in  1890,  but  little  progress  appears  to  have  been  made  in  solv- 
ing the  problem  under  consideration.  Howe  mentions  as  a 
probable  eause  of  the  hardening  of  steel,  the  retention,  by  quick 
cooling,  of  carbon  in  its  hardening  form.  He  writes:  *'I  gave 
reasons  for  believing  that  at  or  about  cherry-redness  the  carbon 
of  steel  passes  almost  wholly  into  the  hardening  state,  combin- 
ing with  the  whole  of  the  matrix  of  iron  present  to  form  a  com- 
pound, which,  when  cold,  is  intensely  hard  and  much  stronger 
and  more  brittle  than  pure  iron,  and  which  is  preserved  by 
sudden  cooling".  He  also  considers  the  severe  strains  result- 
ing from  the  hardening  operation  owing  to  '^dissimilar  rates 
of  contraction"  as  a  possible  cause,  contributory  at  least,  of 
the  hardness  produced  by  rapid  cooling. 

Howe  also  alludes  to  the  ** diamond  theory",  which  holds 
that,  by  sudden  cooling,  the  carbon  present  in  steel  is  converted 
into  diamond,  an  hypothesis  hardly  deserving  consideration. 

Early  Tension  or  Stress  Theory. 

During  the  days  preceding  the  advent  of  Metallography  it 
was  loosely  contended  by  many  that  the  hardness  of  quickly 
cooled  steel  was  due,  as  already  mentioned,  to  a  state  of  severe 
tension  or  stress  created  by  the  rapid  cooling,  owing  to  the 
different  rates  of  contraction  between  the  center  and  outside 
layers  of  the  quenched  piece.  The  fact  that  carbonless  iron 
and  other  metals  and  alloys  cannot  be  sensibly  hardened  by 
rapid  cooling,  although  they  also  should  be  under  severe  ten- 
sion, does  not  appear  to  have  disturbed  the  mental  repose  of 
the  advocates  of  the  theory ;  nor  the  fact  that  according  to  their 
view  it  should  not  be  possible  to  harden  razor  blades ;  nor  again, 
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the  fact  that  a  difference  of  some  ten  degrees  centigrade  in  the 
quenching  temperature  suffices  to  produce  great  increase  of 
hardness  at  the  higher,  and  complete  absence  of  increase  at  the 
lower,  temperature. 

Osmond's  Allotropic  Theory. 

In  1890  Osmond  announced  his  discovery  of  the  occurrence 
of  two  thermal  critical  points  in  the  purest  iron  obtainable, 
from  which  he  logically  concluded  that  iron  existed  in  three 
allotropic  conditions,  namely,  gamma  above  the  upper  critical 
point,  beta  between  the  upper  and  lower  point,  and  alpha 
below  the  lower  point.  He  showed  by  scientific  reasoning  of  a 
high  order  that  the  hardness  of  quickly  cooled  steel  might  be 
ascribed  to  the  retention  in  the  metal  of  some  beta  iron,  a 
variety  which  he  believed  to  be  extremely  hard.  Osmond 
argued  that  gamma  iron  was  non-magnetic,  moderately  hard 
and  very  difficult  to  retain  in  the  cold ;  that  beta  iron  was  non- 
magnetic, very  hard  and  readily  retained  in  the  cold  metal  by 
rapid  cooling ;  and  that  alpha  iron  was  magnetic  and  soft.  Since 
carbonless  iron  cannot  be  hardened  by  sudden  cooling  and  since 
hardened  steel  is  magnetic,  it  was  necessary  to  assume  that 
the  presence  of  carbon  is  necessary  to  prevent,  during  quick 
<;ooling,  the  transformation  of  beta  into  alpha  iron,  and  that 
even  after  quick  cooling  some  alpha  iron  is  present  in  the  metal. 
The  physical  properties  of  manganese  steel  which  is  free  from 
thermal  critical  points  and. which  was  found  to  be — as  it  should 
be,  in  accordance  with  the  theory, — non-magnetic  and  hard 
after  slow  cooling,  afforded  a  striking  support  of  Osmond's 
theory. 

While  Osmond's  views  found  at  first  many  followers,  some 
metallurgists  doubted  from  the  start  the  existence  of  beta  iron, 
and  the  number  of  unbelievers  has  been  on  the  increase  ever 
since.  It  has  been  argued  that  beta  iron  has  in  reality  no 
existence,  (1)  because,  as  a  matter  of  fact,  the  second  thermal 
point  described  by  Osmond  does  not  exist  in  strictly  pure  iron, 
a  contention  which  has  been  definitely  refuted  by  Dr.  Burgess 
of  the  Bureau  of  Standards;  (2)  because  of  the  absence  of  any 
crystallographic  change  corresponding  to  the  formation  of  beta 
iron,  a  view  which  arbitrarily  assumes  that  an  allotropic  change 
must  necessarily  be  accompanied  by  a  change  in  crystalline 
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structure;  (3)  because,  except  for  a  change  in  magnetic  prop- 
erties, no  discontinuity  has  ever  been  shown  to  occur  in  any  of 
the  properties  of  iron  at  the  beta  point,  an  assertion  opposed  to 
the  findings  of  several  investigators  of  repute;  (4)  because 
while  a  magnetic  change  occurs,  that  change  is  progressive  and 
does  not,  therefore,  indicate  a  real  discontinuity,  a  contention 
which  is  open  to  challenge;  and  (5)  because  magnetic  transfor- 
mations are  in  a  class  by  themselves  and  do  not  imply  allotropic 
changes. 

While  in  their  eagerness  to  prove  the  non-existence  of  beta 
iron,  some  writers  have  stretched  their  scientific  imagination  to 
the  breaking  point,  in  summing  up  their  contentions,  it  would 
seem  that  they  have  failed  in  their  purpose,  their  attacks  having 
been  directed,  unconsciously  no  doubt,  against  the  name  rather 
than  against  the  substance.  They  are  all  compelled  to  admit 
that  between  the  gamma  variety  existing  normally  above  the 
upper  critical  point  and  the  alpha  variety  normal  below  the 
lower  point,  the  condition  of  iron  between  the  two  points  is 
neither  gamma  nor  alpha — and  that,  after  all,  is  the  main  fea- 
ture of  Osmond's  theory.  Whether  instead  of  being  called  beta 
iron,  that  condition  should  be  described  as  alpha  iron  holding 
carbon  in  solution,  non-magnetic  alpha  iron,  amorphous  alpha 
iron,  interstrained  alpha  iron,  etc.,  does  not,  as  a  matter  of  fact, 
affect  the  vitality  of  Osmond's  theory.  It  remains  true  that  in 
order  to  harden  steel,  the  metal  must  be  kept,  partially  at  least,  in 
a  non-gamma,  non-alpha  condition.  To  call  it  the  beta  condition 
certainly  makes  for  simplicity  of  speech.  If  I  understand  them 
correctly,  these  recent  theories,  without  exception,  hold  that  to 
harden  steel  we  must,  through  quick  cooling,  retain  the  condi- 
tion existing  during  the  thermal  critical  range ;  while  some  (the 
stress  theories)  maintain  further  that  that  condition  is  created 
by  rapid  cooling  through  the  range.  The  former  ascribe  to  rapid 
cooling  the  retention  only  of  the  hardened  condition,  the  latter 
its  creation  as  well  as  its  retention.  These  contentions  can  readily 
be  reconciled  with  Osmond's  theory. 

The  Stress  Theory  Again. 

The  stress  theory  was  greatly  strengthened  by  Andre  Le 
Chatelier  and  others,  who  argued  that  the  well  known  expansion 
accompanying  the  allotropic  transformation  of  gamma  iron  into 
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beta  or  alpha  iron  must  necessarily  result  in  a  severe  internal 
straining  of  the  metal  when  this  expansion  is  opposed  by  quick 
cooling.  This  reasoning  explains  satisfactorily  why  metals  which 
do  not  undergo  allotropic  transformation,  and  in  which,  there- 
fore, there  is  no  spontaneous  expansion  on  cooling  at  certain 
critical  temperatures,  cannot  be  hardened  by  quick  cooling,  but  it 
does  not  explain  why  carbonless  iron  cannot  be  hardened. 

That  hardened  steel  is  generally  in  a  severely  strained  con- 
dition no  one  denies;  that  the  strained  condition  contributes  to 
the  hardness  of  the  metal  may  readily  be  conceded;  that  it  is 
the  sole  cause  of  the  hardening  of  steel  through  quick  cooling  is 
more  difficult  to  accept. 
Le  Chatelier's  Theory. 

Le  Chatelier  has  never  accepted  as  probable  the  existence  of 
an  allotropic  condition  of  iron  between  gamma  iron  stable  above 
the  upper  critical  point  of  pure  iron  and  alpha  iron  stable  below 
its  lower  point.  He  prefers  to  attribute  the  hardness  of  rapidly 
cooled  steel  to  the  presence  in  the  metal  of  carbon  dissolved  in 
alpha  iron,  the  quick  cooling  permitting  the  transformation  of 
gamma  into  alpha  iron  but  causing  the  carbon  to  remain  in  solu- 
tion. In  his  opinion  this  state  of  solid  solution  is  sufficient  to 
account  for  the  great  hardness  of  quenched  steel,  although  alpha 
iron  is  soft. 
Arnold's  Sub-Garbide  Theory. 

Arnold  claims  the  formation  above  the  critical  range  of  a 
carbide  of  iron,  Fe24  C,  containing,  according  to  atomic  propor- 
tions, 0.89%  carbon.  In  steel  wuth  less  carbon,  the  carbide  Fe24  C 
forms  a  solid  solution  with  the  excess  iron  present ;  while  in  steel 
more  highly  carburized  it  forms  a  solution  with  the  excess  carbon. 
The  carbide  Fe24  C  is  said  to  be  very  hard  and  its  retention  in 
the  cold  by  sudden  cooling  causes  the  hardness  of  quenched  steel. 
There  are  absolutely  no  evidences  supporting  this  rather  fantastic 
conception,  whereas  it  is  opposed  by  experimental  facts  as  well 
as  by  theoretical  considerations.  It  is  advocated  by  Arnold  only 
and  by  some  disciples  educated  by  him. 
McGance's  Interstrain  Theory. 

Andrew  McCance  believes  that  on  cooling  steel  quickly  from 
above  its  critical  range  the  whole  of  the  carbon  remains  in  solu- 
tion while  the  bulk  of  the  gamma  iron  is  converted  into  alpha 
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iron,  in  this  respect  following  Le  Chatelier.  This  alpha  iron, 
however,  according  to  IVIcCance,  is  in  an  interstrained  condition 
owing  to  the  fact  that  its  crystalline  units  have  been  denied  the 
time  to  assume  an  homogeneous  orientation,  and  the  hardness  of 
quenched  steel  is  due  to  this  interstrained  condition.  It  is  fur- 
ther contended  that,  contrary  to  some  recent  views,  strained  iron 
cannot  be  described  as  amorphous  because  if  it  were  amorphous  it 
could  not  be  ferro-magnetic — **interstrain''  being  a  better  term 
to  describe  its  condition.  McCance  writes:  **0n  quenching  steel, 
the  carbon  is  retained  in  solution  and  in  turn  it  retains  a  propor- 
tion of  the  iron  in  the  gamma  condition,  but  the  majority  of  the 
iron  is  alpha  iron.  At  the  quenching  temperature  the  crystal 
grains  had  the  crystalline  symmetry  of  gamma  iron,  and  the 
gamma  iron  retained  in  the  quenched  state  by  the  carbon  will 
form  an  internal  network  in  these  original  steel  grains.  The  rest 
of  the  iron  will  be  transformed,  and  will  form  crystal  units  of 
alpha  symmetry,  but  these  will  be  prevented  by  lack  of  time,  by 
internal  friction,  and  by  the  gamma  iron  network,  from  arrang- 
ing themselves  to  form  homogeneously  oriented  alpha  crystals. 

The  alpha  iron  will  be  in  a  condition  similar  to  interstrain, 
and  great  hardness  will  result. 

Homfrey's  Amorphous  Iron  Theory. 

According  to  J.  C.  W.  Humfrey,  **the  hard  structure  which 
can  be  produced  in  carbon  steels  by  quenching  and  in  certain 
alloy  steels  by  normal  cooling,  is  due  to  the  presence  of  a  hard 
amorphous  solution  of  alpha  iron  and  iron  carbide,  which  solu- 
tion may  be  compared  to  Beilby's  amorphous  phase  formed  by 
overstrain. 

*  *  To  explain  the  formation  of  this  amorphous  phase,  the  au- 
thor advances  a  theory  that  the  passage  of  a  substance  from  one 
allotropic  modification  to  another  of  different  crystalline  form 
involves  the  temporary  formation  of  an  amorphous  state,  cor- 
responding to  the  liquid  phase  of  the  modification  about  to  be 
formed.  In  steels  such  a  change  occurs  at  the  critical  thermal 
point ;  and  if  due  to  sudden  cooling  or  to  the  presence  of  certain 
alloyed  elements,  the  change  point  is  lowered  to  a  temperature 
below  that  at  which  crystallisation  in  the  viscous  mass  becomes 
diflBcult,  then  the  amorphous  form  will  be  retained  in  a  meta- 
stable  form  in  the  cold''. 
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Carpenter's  and  Edwards'   Twinning  and  Amorphons  Iron 
Theory. 

Carpenter  and  Edwards  argue  that  in  quenching  steel  very 
severe  internal  stresses  are  set  up,  causing  internal  straining  of 
the  metal,  which  in  turn  results  in  the  formation  of  numerous 
twins  and  of  hard  amorphous  layers.  The  markings  of  marten- 
site,  in  their  opinion,  correspond  to  these  twins.  Edwards 
writes :  '*  That  the  material  is  internally  strained  is  evident  from 
the  facts  which  have  been  published,  namely,  the  metallic  crystals 
are  broken  up  into  an  exceedingly  large  number  of  twin  lamel- 
lae. Further  we  believe  that  the  hardness  produced  by  quench- 
ing is  brought  about  by  crystal  twinning  and  possibly  direct  slip- 
ping and  the  formation  of  amorphous  layers  as  a  result  of  the 
internal  deformation". 

Summary. 

It  will  be  obvious  from  the  foregoing  that  the  many  recent 
attempts  at  arriving  at  a  satisfactory  explanation  of  the  harden- 
ing of  steel  are  based  on  one  or  more  of  the  following  conceptions : 
(1)  existence  of  a  hard  allotropic  variety  of  iron,  (2)  existence 
of  solid  solutions  involving  the  occurrence  of  so-called  '*  harden- 
ing "'carbon,  and  (3)  existence  of  strains  in  quenched  steel 
causing  or  not  an  amorphous  condition  of  the  iron. 

It  will  likewise  be  obvious  that  no  theory  so  far  presented 
fully  satisfies  our  craving  for  a  scientifically  acceptable  explana- 
tion of  the  many  phenomena  involved. 

It  would  seem  as  if  the  methods  used  to  date  for  the  elucida- 
tion of  this  complex  problem  have  yielded  all  they  are  capable 
of  yielding  and  that  further  straining  of  these  methods  will  only 
serve  to  confuse  the  issue,  a  point  having  been  reached  when  this 
juggling,  no  matter  how  skilfully  done,  with  allotropy,  solid 
solutions  and  strains  is  causing  weariness  without  advancing  the 
solution  of  the  problem.  The  tendency  of  late  has  been  to  aban- 
don- the  safer  road  of  experimental  facts  and  to  enter  the  maze 
of  excessive  speculations,  in  which  there  is  great  danger  of  some 
becoming  hopelessly  lost. 

The  conclusion  seems  warranted  that  new  avenues  of 
approach  must  be  found  if  we  are  ever  to  obtain  a  correct  answer 
to  this  apparent  enigma. 
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The  progress  of  copper  metallurgy  is  much  like  that  of  the 
amoeba,  a  thrust  forward  comes  now  at  one  point,  now  at  an- 
other, with  the  net  result  that  the  whole  body  progresses  at  a 
fairly  steady  rate.  The  conditions  to  be  met  change  from 
month  to  month,  and  attention  is  directed  now  at  one  set  of 
conditions,  now  at  another.  Today  when  everyone  is  talking 
of  hydro-metallurgical  methods  it  is  hard  to  realize  that  a  dec- 
ade ago  blast  furnace  smelting,  now  largely  neglected,  was  a 
similarly  absorbing  topic.  At  that  time  the  roasting  of  copper 
ore  was  not  the  fine  art  it  has  since  become,  nor  had  reverbera- 
tory  furnaces  reached  their  present  stage  of  development,  so 
that  the  heat  efficiency  of  a  reverberatory  furnace  was  low. 
Blast  furnace  smelting,  with  the  ore  in  intimate  contact  with 
the  fuel,  was  so  much  more  efficient  and  so  cheap  that  metallur- 
gists were  confident  that  it  would  continue  to  hold  the  leading 
place.  The  ore  deposits  then  worked  and  the  methods  of  mining 
then  in  vogue  produced  lump  ore  and  the  view  seemed  justified. 
Blast  furnace  smelting  developed  as  mining  operations  (in  most 
places)  penetrated  to  depths  below  the  oxidized  ores,  so  that 
the  sulphur  and  iron  content  of  the  ore  mixture  became  too 
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high  and  the  copper  content  of  the  resulting  matte  too  low  for 
economical  work.  Copper  metallurgists  were  clever  enough  to 
quickly  perceive  that  if  the  sulphur  and  iron  could  be  oxidized 
in  the  blast  furnace  they  would  furnish  heat,  thereby  doing 
away  with  the  necessity  for  an  equivalent  amount  of  coke, 
which  is  expensive  and  also,  being  bulky,  displaces  ore  in  the 
smelting  zone  and  so  cuts  down  daily  capacity.  In  the  study 
of  this  problem  it  was  not  long  before  an  elaborate  technology 
was  worked  out  so  thoroughly  that,  with  an  ore  high  enough 
in  sulphur,  it  was  found  quite  possible  to  smelt  copper  ore  in 
the  blast  furnace  without  using  any  coke  at  all.  Many  inter- 
esting details  were  the  subject  of  much  study.  Thus  the 
economy  of  preheating  the  blast  was  discussed  at  considerable 
length  by  metallurgists. 

The  successful  smelting  of  copper  ore  in  the  blast  furnace 
without  the  use  of  coke  was  a  notable  achievement,  and  yet  the 
economic  advantage  was  largely  nullified  by  an  extraneous  cir- 
cumstance which  could  scarcely  have  been  foreseen.  The 
period  was  one  of  rapidly  increasing  use  of  copper,  and  the 
geologists  and  mining  engineers  were  busy  in  searching  for 
new  deposits  of  copper  ores.  Large  deposits  of  material  con- 
taining 25  to  50  lbs.  copper  per  ton,  in  the  form  of  dissemin- 
ated sulphides,  were  available  if  any  use  could  be  made  of  them. 
Direct  smelting  of  such  ores  was  out  of  the  question,  but  in  the 
Lake  Superior  region  ore  of  a  like  content  had  been,  for  many 
years,  cheaply  concentrated.  It  had  not  been  supposed  that 
such  low-grade  sulphide  ores  could  be  profitably  concentrated, 
but  properly  directed  experiments  soon  showed  that  they  could, 
and  that  with  large  scale,  low-cost  mining  and  milling  a  good 
operating  profit  could  be  made  on  the  operation.  But  since  no 
blast  furnace  could  possibly  handle  the  resulting  finely  crushed 
sulphide  concentrate,  roasting  and  smelting  in  reverberatory 
furnaces  became  a  physical  necessity.  This  directed  attention 
toward  both  these  operations  and  it  was  soon  found  possible  to 
reduce  the  cost  of  roasting,  improve  the  product,  and  to  increase 
the  tonnage  per  roaster.  Even  greater  progress  was  made  with 
the  reverberatory,  changes  in  the  design  increased  its  thermal 
efficiency  and  tonnage  smelted,  the  introduction  of  boilers  into 
the  flues  leading  away  from  the  reverberatory  making  a  great 
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saving  in  the  cost  of  fuel.  Crude  petroleum  became  abundant 
and  cheap,  through  other  extraneous  causes,  and  its  use  as  a 
fuel  led  to  smoother  working  and  cheaper  costs  in  those  regions 
where  its  comparative  cost  per  ton,  plus  relative  freight  costs 
enabled  it  to  supersede  coal.  The  amount  of  flue  dust  made  by 
a  reverberatory  is  very  small,  and  its  economy  in  this  regard 
as  compared  to  rehandling  the  abundant  flue  dust  made  by  a 
blast  furnace,  coupled  with  the  reductions  in  operating  costs 
made  by  the  improvements  above  mentioned,  soon  put  rever- 
beratory smelting  almost  on  a  par,  in  operating  costs,  with 
blast  furnace  smelting,  and  the  latter  now  no  longer  enjoys  the 
tremendous  lead  it  so  long  possessed.  Blast  furnace  smelting, 
except  as  an  adjunct  to  reverberatory  smelting,  bids  fair  in  the 
future  progressively  to  decrease. 

The  fine  crushing  to  which  low-grade  ore  must  be  sub- 
mitted to  prepare  it  for  concentration  leaves  it  in  a  state  of 
division  most  suitable  for  the  application  of  hydro-metallurgical 
processes,  and  the  tailing  from  such  concentration  may  there- 
fore be  considered  as  material  ready  prepared  for  treatment, 
on  which  all  costs  up  to  that  point  have  already  been  paid. 
This  gives  an  advantage  to  such  processes  and  much  study  has 
been  directed  toward  devising  for  low-grade  copper  ores  some 
wet  process  that  in  cheapness,  efficiency,  and  completeness  of 
recovery  might  be  at  least  comparable  with  the  cyanide  process 
for  gold.  Notable  progress  has  been  made  already  in  this  en- 
deavor and  the  advance  still  continues.  Oxidized  ores  and  low- 
grade  ores  which  have  not  been  subjected  to  concentration 
share  in  the  important  effect  which  such  a  process  will  have  on 
the  treatment  of  copper  ores.  All  the  work  so  far  goes  to  in- 
dicate that  the  leaching  solution  used  in  nearly  every  case  will 
be  a  dilute  solution  of  H2SO4  and  the  necessity  for  an  abundant 
supply  of  cheap  acid  may  lead  to  the  recovery  of  the  necessary 
sulphur  from  the  smelter  fumes.  This  would  be  fortunate  for 
the  smelter  men,  since  of  recent  years  they  have  been  increas- 
ingly harassed  by  suits  to  recover  for  damages  alleged  to  have 
been  caused  by  the  sulphur  content  of  the  escaping  gases.  Re- 
cent tendencies  in  copper  metallurgy  have,  therefore,  been  the 
working  of  lower  and  lower  grade  deposits,  the  devising  of 
large  scale  mining  operations  to  reduce  the  cost,  a  tremendous 
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growth  in  milling  in  order  to  reduce  smelting  costs,  the  nec- 
essary employing  of  reverberatory  smelting,  with  improved 
technique,  and  lowered  costs.  Along  with  this  has  come  im- 
proved technique  in  roasting  and  converting  matte,  the  success- 
ful use  of  basic  lining  for  converters  having  improved  and  sim- 
plified general  smelting  operations  as  well  as  those  of  convert- 
ing itself.  Most  recent,  and  still  in  progress,  is  the  develop- 
ment of  local  wet  processes  for  the  extraction  of  copper  from 
its  ores,  and  it  seems  probable  that  this  will  have  an  even  more 
profound  effect  on  the  general  metallurgy  of  copper  than  the 
other  phases  discussed  above. 

DISOUSSION 

Mr.  Mr.  E.  H.  HamUton,*  Mem.  Am.  Inst.  M.  E.,  stated  that  difficulties 

Hamflton.  arise  in  practice  which  do  not  appear  when  making  experiments.     He 
called  attention  to  the  need  of  utilizing  the  heat  value  of  the  sulphur 
of  the  ore  in  reverberatory  practice. 
Mr.  Mr.  If.  D.  RlckettB,**  Mem.  Am.  Inst.  M.  E.,  caUed  attention  to  the 

Bicketts.  difficulties  which  were  encountered  in  connection  with  the  use  of  super- 
heaters in  reverberatory  practice.  He  stated  that  a  dust  loss  occurs  in 
reverberatory  treatment,  notwithstanding  assertions  to  the  contrary. 
This,  he  said,  was  confirmed  by  the  work  of  Mr.  Lee  at  the  Copper  Queen 
upon  fine  concentrate.  He  also  called  attention  to  the  difficulty  of  dis- 
posing of  the  sulphur. 

*  Trail,  B.  C,  Canada. 
**  New  York,  N.  Y. 
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FBEDEBICK  LAIST,  Mem.  A.  L  M.  E. 
Anaeonda,  Mont.,  U.  S.  A. 


INTRODUCTORY. 

The  most  notable  diflPerence  between  the  practice  of  copper 
smelting  in  the  past  10  years  and  the  10  years  preceding  is  the 
rapid  growth  in  favor  of  reverberatory  as  compared  with  blast- 
furnace smelting.  Formerly  most  copper-smelting  plants  con- 
tained only  blast  furnaces,  whereas  now  such  a  plant  is  the 
exception  and  the  day  seems  rapidly  approaching  when  the 
majority  of  copper-smelting  plants  will  use  blast  furnaces  only 
for  smelting  of  secondaries,  such  as  matte  and  slag  skulls  and 
cleanings,  and  the  smelting  of  new  material  will  be  done  chiefly 
in  reverberatories. 

There  were  several  reasons  for  this  radical  change : 

(1)  The  lengthening  of  the  reverberatories  at  Anaconda, 
together  with  the  semi-continuous  mode  of  operation  intro- 
duced at  that  plant,  resulted  in  bringing  the  cost  of  reverbera- 
tory smelting  practically  to  the  level  of  blast-furnace  smelting. 

(2)  The  introduction  of  oil  firing  in  conjunction  with  the 
long  furnaces  made  reverberatory  smelting  attractive  in  locali- 
ties where  oil  is  cheap  and  coal  and  -coke  expensive. 

(3)  The  success  of  pulverized  coal  for  heating  reverbera- 
tories has  lessened  the  cost  of  fuel  per  ton  of  charge  to  such  an 
extent  that  in  many  localities  the  blast  furnaces  can  no  longer 
compete  with  reverberatories. 

(4)  Finally  the  remarkable  recoveries  which  can  now  be 
obtained  by  oil-flotation  methods  of  concentration  have  made 
preliminary  concentration  of  ores  followed  by  smelting  of  con- 
centrates more  profitable  than  direct  smelting,  even  on  com- 
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paratively  high-grade  material.  The  concentrates,  being  very 
fine,  must  necessarily  be  treated  in  reverberatories. 

At  Anaconda,  for  example,  it  has  been  decided  to  stop 
smelting  first-class  ore  direct,  as  has  been  the  practice  hitherto, 
and  concentrate  all  of  the  ore  as  it  comes  from  the  mines.  Noth- 
ing but  fine  concentrates  will  be  made,  and  the  blast-furnace 
plant  will  be  replaced  by  reverberatories.  Large  economies  will 
result  from  this  step,  due,  in  part,  to  the  fact  that  reverberatory 
smelting  with  pulverized  coal  is  actually  cheaper  than  blast- 
furnace smelting,  per  ton  of  charge,  and,  in  part,  to  the  elimina- 
tion of  large  quantities  of  barren  flux  which  must  be  used  in  the 
blast  furnaces  when  smelting  ore  charges. 

The  success  of  basic  lining  for  copper  converters  has  revo- 
lutionized -converter  practice  in  every  smelting  plant  in  the 
country.  The  cumbersome,  unreliable  and  expensive  silicious 
lining  has  been  replaced  practically  everywhere  by  the  mag- 
nesite-brick  lining. 

It  has  been  demonstrated  that  practically  any  size  or  shape 
of  converter  shell  can  be  successfully  lined  and  operated  as  a 
basic  converter,  from  the  tiny  hand-tilted  converters  at  Gatico, 
Chile,  to  the  20-ft.,  Great  Falls  type  converters  used  at  Ana- 
conda and  Great  Falls,  or  the  Smith-Pierce  type  in  use  at  Gar- 
field, Copper  Cliff,  and  elsewhere. 

Many  of  the  refinements  which  it  was  thought  were  needed 
when  basic  converting  was  first  successfully  introduced  into 
practice  at  the  Garfield  plant,  such  as  laying  the  bricks  with 
linseed  oil,  the  use  of  cast-iron  tuyere  blocks,  expansible  con- 
verter shells,  etc.,  are  no  longer  considered  of  vital  importance. 

It  is  generally  realized  that  the  vital  considerations  for  suc- 
cessful operation  are  (1)  avoidance  of  too  high  a  temperature, 
which  was  first  pointed  out  by  Smith  and  Pierce,  and  (2)  the 
maintenance  of  a  coating  over  the  bricks,  consisting  of  a  basic 
slag  or  magnetite.  This  was  observed  and  commented  upon  at 
Anaconda,  where  basic  converter  practice  as  applied  to  stand- 
ard converters  was  first  successfully  developed  within  a  few 
months  of  the  introduction  of  the  Smith-Pierce  converters  at 
Garfield. 

The  successful  application  of  the  basic  lining  to  the  con- 
verters at  Anaconda  led  the  Great  Falls  plant  to  adopt  the 
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same  practice.  The  type  of  shell  used  at  Great  Falls  proved 
admirably  adapted  to  the  new  lining,  and  phenomenally  long 
runs  were  immediately  obtained.  This  type  of  converter  has 
since  been  adopted  at  many  plants  in  preference  to  the  Smith- 
Pierce  type,  notably  at  Cananea  and  at  Douglas  in  the  plants 
of  the  Copper  Queen  and  Calumet  and  Arizona  Companies. 

No  radical  changes  have  taken  place  in  blast-furnace  smelt- 
ing, except  the  building  of  the  long  furnaces  at  Anaconda  by 
E.  P.  ^lathewson.  These  furnaces  have  been  a  decided  success 
and  have  greatly  increased  the  capacity  of  the  plant,  besides 
effecting  a  considerable  saving  in  fuel  and  labor. 

The  hot-  and  cold-blast  controversy  has  died  out  and  the 
use  of  hot  blast  has  been  abandoned. 

The  turbo-blower,  connected  either  to  a  steam  turbine  or 
to  a  motor,  has  been  successfully  developed  for  pressure  up  to 
16  pounds  per  square  inch,  and  it  seems  likely  that  it  will  ulti- 
mately replace  the  Root's  type  for  blast-furnace  air,  as  well  as 
the  blowing-engines  now  used  for  converter  air. 

The  ]McDougall  type  of  roasting-furnace  continues  to  hold 
its  place  not  only  as  a  roaster,  but  also  as  a  preheater  where  the 
quantity  of  sulphur  is  small  and  it  is  desired  merely  to  obtain  a 
hot,  dry  product  for  the  reverberatories.  Air-cooled  furnaces 
are  used  where  the  sulphur  content  of  the  charge  is  low  or 
where  external  firing  is  required,  as  where  the  furnaces  are 
used  for  drying  and  preheating.  Water-cooling  must  be  used 
when  the  sulphur  content  of  the  furnace  charge  is  high,  other- 
wise the  temperature  of  the  furnace  will  become  too  great  and 
the  calcine  will  sinter. 

It  is  being  realized  more  and  more  that  furnace  charges 
should  be  properly  mixed  where  materials  of  diverse  character 
are  being  smelted,  and  bedding  systems  are  in  high  favor,  par- 
ticularly in  localities  where  the  climate  permits  of  out-door 
beds. 

More  attention  than  ever  before  is  being  paid  to  dust  losses 
and  efforts  are  being  made  to  purify  the  smoke  from  smelting 
works  as  much  as  possible,  both  to  avoid  litigation  and  to  save 
copper.  The  bag-house  at  the  Mammoth  plant  in  California 
has  been  quite  successful,  but  efforts  elsewhere  have  been 
toward  the  application  of  the  Cottrell  electrostatic  system.  This 
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system  has  been  highly  developed  by  the  cement  industry,  and 
much  work  is  being  done  on  the  process  at  Garfield,  Anaconda 
and  elsewhere.  The  precipitation  units  are  being  increased  in 
size,  and  voltages  have  been  increased  from  50,000  to  250,000 
volts.  It  is  generally  conceded  that  the  shutting  down  of  the 
Ballaklava  smelter  at  Coram  was  not  due  to  the  failure  of  the 
Cottrell  system. 

The  Hall  Process  for  recovering  sulphur  from  concentrates, 
by  heating  them  in  a  hydrocarbon  atmosphere,  was  tried  on  a 
large  scale  at  Coram,  but  so  far  the  results  have  not  been  con- 
clusive. 

BLAST-FUENACE  SMELTING. 

In  March  of  1905  Blast  Furnaces  Nos.  1  and  2  at  the 
Washoe  Reduction  Works (^)  at  Anaconda  were  joined  by  build- 
ing in  the  center  section  of  21  feet.  This  made  a  furnace  51 
feet  long  by  56  inches  wide,  having  a  hearth  area  of  247  square 
feet.  There  were  two  settlers,  each  15  feet  in  diameter,  and  the 
furnace  had  two  spouts.  The  center  section  had  a  bottom  of 
cast-iron  plates,  which  burned  through  a  few  days  after  the 
furnace  was  started.  The  plates  were  later  replaced  by  water- 
cooled  plates,  which  proved  entirely  satisfactory. 

The  success  of  this  furnace  was  followed  by  the  joining  of 
Nos.  3  and  4  furnaces  in  November  of  1905,  and  Nos.  5  and  6 
in  January,  1906.  Finally  No.  7  was  joined  to  Nos.  5  and  6  in 
August,  1906,  making  a  furnace  87  ft.  long.  The  credit  for  this 
radical  step  belongs  to  Mr.  E.  P.  Mathewson. 

The  hot-blast  stoves ('),  which  were  so  much  in  evidence  a 
few  years  ago,  were  abandoned  at  most  plants (*)  owing  to  high 
cost  of  maintenance. 

At  the  plant  of  the  Mitchell  Mining  Company  at  Guerrero, 
Mexico,  blocks  of  wood  were  dipped  into  a  wash  of  silica  and 
clay  to  prevent  them  from  burning  before  reaching  the  fusion 
zone,  and  were  used  in  place  of  coke,  it  is  stated,  with  consid- 
erable success.  The  furnace  produced  a  matte  running  over  50 
percent  copper.  (*)  This  was  also  tried  by  H.  F.  Collins,  in 
1901,  at  Santa  Fe  Chiopos,  Mexico,  but  1  part  of  wood  to  5 
parts  of  coke  was  all  that  could  be  used  successfully. 
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Mechanical  feeders  for  blast  furnaces (*)  were  successfully 
applied  at  Garfield,  Cananea,  Tennessee  Copper  Co.,(*)  and  in 
Australia.(^)  The  Hodges'  feedingncar(*)  was  developed  and 
used  at  the  Granby  smelter  with  success. 

An  ingenious  modification  of  blast-furnace  smelting  was 
tried  at  the  Vulcan  smelter,  east  of  Santiago,  Chile.  (®)  The 
ore  treated  was  a  heavy  sulphide,  and  no  value-bearing  silicious 
flux  was  available,  without  which  the  highly  ferruginous  slag 
solidified  in  the  fore-hearth.  To  overcome  this  difficulty,  a 
down-draft  furnace  was  developed  and  is  said  to  have  been  a 
success. 

The  use  of  fuel  oil  for  blast-furnace  smelting,  (^®)  to  replace 
coke,  has  been  tried  at  various  places,  but  always  for  too  short 
a  period  to  demonstrate  its  commercial  and  technical  value. 

N.  H.  Emmons  described  a  closed  top(^*)  for  blast  furnaces 
to  be  used  where  the  gases  of  the  furnace  are  required  for  the 
manufacture  of  sulphuric  acid.  The  top  was  developed  at  the 
plant  of  the  Tennessee  Copper  Company.  Water-cooled  tops 
have  come  into  use,  particularly  where  furnaces  are  operated 
with  a  hot  top  and  brick-work  tends  to  give  trouble  due  to  heat 
and  accumulation  of  accretions.  (")  The  roofs  of  the  blast  fur- 
naces at  Anaconda  are  made  of  water-cooled  cast-iron  plates. 

The  development  of  the  blast  furnaces  at  Great  Falls (") 
and  the  thermal  effect  of  blast-furnace  jackets (")  are  described 
in  the  Transactions  of  the  American  Institute  of  Mining  Engi- 
neers. 

A  paper  on  the  early  development  and  history  of  the  mod- 
em copper  blast-furnace  (")  has  been  published  by  E.  P. 
Mathewson. 

Pyrite  smelting  by  the  Knudsen  method  has  been  in  opera- 
tion at  Sulitjelma,  Norway, (^®)  for  over  four  years.  In  the 
process,  the  sulphides  are  oxidized  by  a  powerful  air-current  in 
an  upright  converter,  partially  melting  the  charge  and  causing 
the  metallic  sulphides  to  flow  to  the  bottom.  As  soon  as  a  small 
bath  of  sulphides  has  collected,  bessemerizing  commences,  which 
results  in  the  complete  fusion  of  the  charge  with  production  of 
slag  and  matte.  A  thick  lining  of  magnesite  brick  is  used  in 
the  converter. 
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Bedding  Systems. 

The  bedding  system  for  copper  ores  was  established  at 
Cananea(")  in  1906.  The  plant  was  designed  and  constructed 
by  Dwight  &  Messiter  in  1906  and  later  perfected  by  Cole  and 
Shelby  and  put  in  operation  in  1908.  It  proved  a  decided  success 
and  later  was  extended  to  include  the  feed  to  the  roaster  plants. 
The  bedding  system  was  adopted  at  the  Garfield  smelter  C^®)  and 
at  the  Copper  Queen  in  1906,  (*®)  also  at  the  Tennessee  Copper 
Co.,(^^)  at  the  new  Calumet  &  Arizona  Smelter,  and  elsewhere. 

Air-Gompressing  Machinery. 

The  new  turbo-blower  for  blast-furnace  work  is  gaining  in 
favor.  The  new  plant  installed  at  Mt.  Morgan (^*)  consists  of 
four  turbo-blowers  for  blast-furnace  air  and  three  turbo-blowers 
for  converter  air,  all  electrically  driven.  Each  furnace  blower 
is  capable  of  compressing  18,000  to  20,000  cu.  ft.  of  free  air 
per  minute  to  64  ozs.  per  sq.  in.  They  are  each  driven  by  a  500- 
volt  direct-current  variable-speed  motor.  The  three  converter 
blowers  have  a  capacity  of  5000  cu.  ft.  of  free  air  per  minute 
and  compress  to  12  pounds  per  sq.  inch.  They  are  of  the  latest 
Parsons  multiple-stage  centrifugal  type. 

A  new  turbo-blower,  for  converter  air,  having  a  capacity  of 
35,000  cu.  ft.  per  minute  and  compressing  to  16  lbs.  per  sq.  inch 
has  just  been  installed  in  the  Smelter  Power-House  of  the 
Washoe  Reduction  Works.  It  is  driven  by  a  Parsons  turbine 
rated  at  2000  hp.  when  running  at  a  maximum  speed  of  3500 
r.p.m.     It  was  built  by  the  IngersoU-Rand  Co. 

ROASTING. 

The  multiple-hearth  roasting-fumace  of  the  McDougall  type 
has  been  adopted  to  the  practical  exclusion  of  all  other  types; 
while  for  sintering,  the  Dwight-Lloyd  machine  is  steadily  gain- 
ing in  favor. 

John  E.  Greenawalt,  of  Denver,  installed  his  system  of 
down-draft  sintering  (^^)  at  the  Modern  Smelting  &  Refining 
Co.,  near  Denver. 

In  the  earlier  part  of  the  decade,  pot-roasting  of  sulphides 
came  into  general  use.  The  Huntington  and  Heberlein  process 
was  installed  at  Garfield (")   and  at  many  other  places.     At 
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Wallaroo,  Australia,  a  modification  of  the  Huntington-Heber- 
lein  process  was  developed  by  McMurty  and  Rogers.  (^*) 

In  roasting  tailings  for  leaching,  at  Anaconda,  a  McDou- 
gall  furnace  20  ft.  in  diameter  was  equipped  with  two  fire-boxes, 
one  on  each  side,  and  connected  with  the  third  hearth.  The 
arms  are  air-cooled  and  so  arranged  that,  if  desired,  the  warm 
air  can  be  introduced  into  the  bottom  hearth.  A  belt  feeder  is 
used. 

A  cooler  for  the  hot  calcines  was  developed,  consisting  of  a 
cylinder  built  of  boiler  plate,  having  a  slope  of  %  i^^ch  per  foot 
and  making  10  revolutions  per  minute.  The  cylinder  is  lined 
with  pipes  1  inch  in  diameter,  through  which  .cold  water  circu- 
lates. The  calcines  enter  the  cylinder  at  350°  C.  and  are  dis- 
charged at  45°  C.  About  25,700  gallons  of  cooling  water  are 
required  per  day  when  treating  at  the  rate  of  80  tons. 

The  Wedge  furnace  (**)  is  of  the  McDougall  type.  Its 
distinguishing  characteristic  is  a  central  brick-covered  shaft 
large  enough  for  a  man  to  enter.  The  top  of  the  furnace  is 
used  for  drying  the  material  to  be  roasted.  These  furnaces  are 
built  either  air-  or  water-cooled  and  with  or  without  fire- 
boxes. (^^)  Wedge  furnaces  are  used  at  the  El  Paso  smelter, 
at  the  new  United  Verde  Smelter  at  Clarksdale  and  at  the  new 
International  Smelter  at  Miami.  In  connection  with  the  new 
acid  plant  at  Anaconda,  two  Wedge  furnaces  are  used. 

The  Herreshoflf  furnace  (*®)  has  been  re-designed  and  has 
regained  some  of  its  old-time  popularity.  The  arras  and  shaft 
are  air-cooled.  The  heated  air  is  used  in  the  furnace,  thus 
increasing  the  thermal  efficiency  and  permitting  the  roasting  of 
lower-grade  material  without  fuel.  A  peculiar  type  of  rake, 
the  angle  of  which  varies  with  its  proximity  to  the  center  of 
the  hearth,  has  lately  been  introduced  for  the  purpose  of  secur- 
ing a  more  even  depth  of  calcine  on  the  floors. 

The  Dwight-Lloyd  sintering  machine  consists  of  a  series  of 
grates  on  an  endless  chain.  The  ore  to  be  sintered  is  fed  onto 
the  grates,  which  move  continuously  over  a  suction-box,  where 
the  charge  is  ignited  by  a  flame  and  air  is  drawn  through  to 
roast  out  the  sulphur.  A  description  of  the  earlier  machine  is 
published  in  the  Engineering  &  Mining  Journal.  C^®)  R.  L. 
Lloyd,  speaking  of  his  experiences  with  sintering  at  high  alti- 
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tudes,(*®)  states  that  at  Cerro  de  Pasco  a  charge  containing  25% 
sulphur  was  sintered  without  trouble.  This  could  not  be  done 
at  a  lower  altitude  without  considerable  difficulty. 

Wm.  Kelly  and  H.  N.  Thomson  (*^)  patented  an  improved 
McDougall  arm  and  rake. 

At  the  Great  Falls  smelter  much  work  was  done  to  increase 
the  output  of  their  furnaces.  (**) 

REVERBERATORY  SMELTING. 

The  forerunner  of  the  modern  long  furnaces  was  reverber- 
atory  No.  4  at  the  Washoe  Reduction  Works,  which  was  started 
July  12,  1904.  The  hearth  dimensions  were  102  ft.  by  19  ft.(") 
It  was  such  a  decided  success  that  the  remaining  furnaces  were 
remodelled  on  the  same  lines  as  rapidly  as  possible.  The  fol- 
lowing data  are  of  interest: 


Furnace 

Started 

Length  of  Hearth 

1 

Jan.  28,  1905 

115  ft. 

10  in. 

2 

Aug.  17,  1904 

102  " 

0  *' 

3 

Nov.  10,  1904 

112  '* 

6  " 

4 

July  12,  1904 

101  " 

9  " 

5 

May  17,  1904 

112  *' 

4  ** 

6 

Jan.  10,  1905 

101  " 

9  " 

7 

Feb.  23,  1905 

112  '' 

6  *' 

8 

May  26,  1905 

112  " 

4  " 

The  results  of  experiments  at  Anaconda  with  various  coaU 
have  been  published  by  C.  D.  Demond.(") 

Fuel  oil  was  used  in  the  furnaces  at  the  smelter  of  the  Ari- 
zona Copper  Co.,  at  Humboldt,  in  1906.  (")  The  oil  came  from 
California.  The  dimensions  of  the  furnace  hearth  were  98  ft. 
by  19  ft.  Each  furnace  had  9  oil  burners,  three  at  the  back  and 
three  on  each  side.  They  were  hung  on  universal  connections^ 
so  they  could  be  pointed  at  any  angle.  From  11  to  19  percent 
of  oil  was  used,  and  a  matte  carrying  about  40%  of  copper  was 
made.    Later  the  side  oil-burners  were  discontinued. 

A  circular  type  of  reverberatory  smelting-furnace  was  built 
at  the  Copper  Smelting  Works  at  Kedabeg,  Russia.  (")  The 
hearth  is  circular  and  is  29  ft.  in  diameter.  The  waste  gases 
pass  over  a  roasting-hearth.  These  furnaces  are  heated  by  oil 
flames  entering  in  a  tangential  direction,  causing  the  flames  to* 
sweep  around  the  furnace. 
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The  oil-fired  regenerative  reverberatory-fumaee  of  the 
Peyton  Chemical  Works,  (*0  in  the  vicinity  of  Oakland,  Cal., 
was  successfully  operated. 

Reverberatory  furnace  practice  at  Cananea  has  been 
described  by  L.  D.  Ricketts.("^)  Coal  and  grate  firing  was  used 
from  February  to  August,  1907,  but  was  unsatisfactory.  A 
pulverizer  was  installed,  the  fire-box  of  the  furnace  was  removed 
and  coal-dust  firing  was  then  tried.  A  high  temperature  was 
readily  obtained,  but  the  ash  ** blanketed*'  the  charge.  Before 
this  difl5culty  had  been  entirely  overcome,  the  Mexican  govern- 
ment removed  the  duty  on  oil  for  fuel  purposes,  and  conse- 
quently the  experiments  with  powdered  coal  were  discontinued 
and  oil  firing  was  adopted. 

At  the  Boston  and  Colorado  Smelter,  at  Argo,  reverberatory 
slag  was  cleaned  by  being  treated  with  iron  pyrite.  The  cleaned 
slag  assayed  0.15%  copper.  ('®)  In  1906  the  Detroit  Copper  Co., 
at  Morenci,  used  a  small  reverberatory  furnace  for  cleaning  slag 
from  the  blast  furnaces.  This  reverberatory  was  fired  with  fuel 
oil  and  flue  dust  was  blown  in  above  the  burners.  (*®)  The  dust 
smelted  readily,  but  the  corrosive  effect  on  the  roof  was  too 
great.  Experiments  were  also  made  by  spreading  fine  concen- 
trates on  the  slag,  with  indifferent  success.  Four  wood-burn- 
ing rerverberatories  were  successfully  operated  by  the  Cienequita 
Copper  Company,  Chipiona,  Mexico.  (*^)  A  50-ft.  regenerative 
furnace  was  operated  at  Nijni  Tagilsk,  in  the  Ural  Mountains, 
and  70-percent  copper  matte  was  made  with  a  0.75  percent 
8lag.(") 

Pulverized  coal  for  reverberatory  matte  smelting  was  first 
used  at  the  Highland  Boy  Smelter,  near  Salt  Lake  City,  by  S.  S. 
Sorensen.(*')  The  experiment  was  fairly  successful  but  the  sys- 
tem was  not  adopted.  Later,  a  furnace  was  equipped  at  Cananea, 
but  here  too  the  system  was  not  adopted  for  the  reasons  pre- 
viously given.  It  therefore  remained  for  D.  H.  Brown,  of  the 
International  Nickel  Co.,  to  establish  the  use  of  powdered  coal 
for  heating  reverberatory  matte-furnaces  on  a  commercial  basis. 
Brown  found  that  the  difficulties  encountered  by  earlier  experi- 
menters were  due  to  not  grinding  the  coal  fine  enough.  Leon- 
ard (**)  makes  some  interesting  comparisons  between  the 
efficiencies  of  powdered  coal  and  of  oil.    He  finds  that,  taking 
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the  smelting  done  per  B.t.u.,  in  the  case  of  oil,  at  100,  the 
smelting  done  per  B.t.u.  in  the  form  of  powdered  coal  ranges 
from  90  to  99,  depending  on  the  character  of  the  coal.  Bitumi- 
nous coals  develop  higher  efficiencies,  as  a  rule,  than  lignites. 

On  July  1,  1914,  No.  8  Reverberatory  at  the  Washoe  Reduc- 
tion Works  was  started  up  on  pulverized  coal.  No  difficulties 
whatever  were  encountered  and  the  results  exceeded  expecta- 
tions in  every  way.  The  hearth  dimensions  of  the  new  No.  8 
are  20  ft.  by  125  ft.  During  the  month  of  October,  1914,  the 
furnace  averaged  500  tons  per  day  and  smelted  7  tons  of  charge 
per  ton  of  coal.  Reverberatory  No.  5  is  being  rebuilt  and  will 
be  147  ft.  long  by  25  ft.  wide.  It  is  expected  to  smelt  650  tons 
per  day,  with  a  slightly  better  fuel  ratio  than  No.  8.  The  results 
of  experience  at  Anaconda  with  powdered  coal  are  given  in  an 
article  by  L.  V.  Bender,  published  in  the  Trans,  of  the  A.  I.  M.  E. 

CONVERTERS. 

Two  papers  (**)  (***)  describing  converter  practi-ce  at  Ana- 
conda and  Great  Falls  prior  to  the  introduction  of  basic  linings 
are  now  only  of  historical  interest. 

From  August  18,  1905,  to  Feb.  1,  1906,  Chas.  Baggaley 
experimented  with  a  basic-lined  converter  at  the  Pittsmont 
Smelter,  (*^)  Butte,  Montana.  The  work  was  conducted  under 
the  supervision  of  Wm.  A.  Heywood.  An  8-  by  13-ft.  converter 
was  employed,  lined  with  one  course  of  9-in.  magnesite  brick. 
About  1000  lbs.  of  ore  and  four  to  five  tons  of  matte  constituted 
the  initial  charge.  Ore  and  matte  were  added  from  time  to  time 
and  slag  was  taken  oflf  until  sufficient  white  metal  had  accumu- 
lated, which  was  then  blown  to  copper. 

In  1909  the  Smith  and  Pierce  basic-lined  converter  was  put 
into  operation  at  Garfield. (*^)  The  converter  shell  was  about 
10  ft.  in  diameter  by  24  ft.  long  and  was  lined  with  magnesite 
brick.    The  throat  of  the  converter  was  near  one  end. 

In  an  article  entitled  ''Great  Falls  Converter  Practice *',(**) 
Messrs.  Wheeler  and  Krejci  trace  the  dervelopment  of  the 
upright  converter.  A  description  of  the  20-foot  converter  in 
use  at  Great  Falls  and  Anaconda  is  given.  Many  other  articles 
on  basic  converting  have  been  published  in  the  technical  press 
during  recent  years.  (^°) 
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The  introduction  of  silicious  ore  into  converters  (*0  has 
become  established  practice,  while  blowing  concentrates  C^*) 
into  a  converter  through  the  tuyeres  has  been  used  successfully 
at  Cananea. 

The  mixing  of  molten  converter-slag  and  flue  dust,  so  that 
the  mixture  might  be  smelted  in  the  blast  furnace,  was  devel- 
oped at  the  Copper  Queen  Smelter  at  Douglas.  The  slag  and 
flue  dust  are  introduced  at  the  small  end  of  a  revolving,  conical 
drum. 

A  machine  for  casting  converter  copper  was  developed  at 
Great  Falls.  It  consisted  of  an  enlarged  and  improved  Walker 
casting-machine.  (")  The  straight-line  copper-casting  machine, 
which  has  been  installed  at  the  Calumet  and  Arizona  Mining 
Co.'s  new  works  at  Douglas,  at  the  Arizona  Copper  Co.'s  plant 
at  Clifton,  and  in  the  new  United  Verde  .works  at  Clarksdale,  is 
described  in  the  Engineering  and  Mining  Journal.  C'*)  When  the 
new  smelter  at  Garfield  was  built,  a  new  slag-casting  machine 
was  designed  by  F.  6.  Kelley  and  installed  in  the  smelter. 
This  machine  has  been  used  successfully.  (°'^) 

R.  G.  McGregor  devised  and  patented  a  new  ladle  skull- 
breaker  (**)  which  has  been  installed  at  the  Calumet  and  Arizona 
plant  at  Douglas. 

I  wish  to  acknowledge  the  valuable  assistance  of  Mr.  James 
K.  Murphy  in  the  preparation  of  this  paper. 
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DISCXTBSION 

Prof.  Prof.  E.  A.  Hersam,*  Mem.  Am.  Inst.  M.  E.,  called  attention  to  the 

Ilerttam.  need  for  published  information  upon  the  different  basic  converter  linings, 
more  particularly  with  respect  to  the  effect  of  different  converter  slags 
upon  them. 

Mr.  Mr.  L.  D.  Ricketts,**  Mem.  Am.  Inst.  M.  E.,  showed  that  corrosion 

Riokt'tts.  Qf  ti,(,  basic  converter  lining  was  not  only  dependent  upon  the  percentage 
of  silica  and  alumina  present  in  the  slag,  but  also  upon  the  temperature 
of  formation  of  the  slag. 

Mr.  Mr.  Oscar  Lachmand,t  Mem.  Am.  Inst.  M.  E.,  asked  Mr.  Laist  if,  in 

l.jichmuiul.  i^j^  opinion,  there  was  greater  economy  in  the  use  of  basic  linings  when 
the  converters  were  in  use  intermittently,  particularly  with  regard  to- 
the  cnu'king  which  arises  from  expansion  and  contraction. 

•  rnivonsity  of  California,   Berkeley,   Calif. 
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Mr.  Frederick  Lai8t»**  Mem.  Am.  Inst.  M.  E.,  replied  that  the  ad-     Mr. 
vantages  of  basic  linings  diminishs  with  small-scale  operation,  but  he  ^a^^^- 
cited  experience  at  the  Great  Falls  smelter,  Montana,  and  at  the  Inter- 
national smelter,  Tooele,  Utah,  which  shows  that  intermittent  operation 
was  possible  for  long  periods  of  time  with  basic  linings. 

Mr.  E.  H.  Hamilton,***  Mem.  Am.  Inst.  M.  E.,  stated  this  his  own       Mr. 
observations  were  similar  to  those  of  Mr.  Laist.  Hamilton. 

Mr.  Lawrence  Addicks****  inquired  as  to  the  effect  of  the  war  upon       Mr. 
the  supply  of  magnesite  brick  suitable  for  converter  lining.  Addicks. 

Mr.  Laist  replied  that  California  magnesite  is  available  for  this  pur-     Mr. 
pose  but  gave  only  about  one  half  the  service  of  the  Austrian  magnesite.   l^aist. 
Chrome  brick,  he  thought,  would  be  less  satisfactory.     He  stated  that  this 
difficulty  had  been  overcome  by  the  market  affording  Grecian  magnesite 
in  any  quantity  that  might  be  desired. 

Mr.  Sicketts  pointed  out  that  the  advantage  of  the  basic  lining  as      Mr. 
against  the  cheaper  acid  lining  was  its  longer  life.  Ricketts. 

Mr.  B.  H.  Bradford  asked  what  percentage  of  sulphur  it  would  be       Mr. 
necessary  to  leave  in  an  ore  sintered  in  order  that  fuel  might  be  elimi-  Bradford, 
nated  in  blast-furnace  practice,  and,  upon  the  assumption  that  it  would 
be  possible  to  eliminate  fuel  in  blast-furnace  smelting,  how  the  costs  of 
the  operation  would  compare  with  reverberatory  smelting. 

Mr.  Laist  replied  that  one  half  of  the  sulphur  of  a  33%  ore  would  Mr. 
probably  be  lost  in  sintering  and  that  to  expel  this  amount  of  sulphur  L"'*^*- 
would  necessitate  McDougall  roasters  to  avoid  the  clogging  of  the  grates 
of  the  sintering  machines.  He  further  said  that,  if  the  sulphur  thus  lost 
could  be  made  available  as  a  fuel,  the  blast  furnace  could  then  probably 
compete  with  the  reverberatory  furnace.  In  estimating  comparative  costs, 
he  said  that  only  general  estimates  could  be  made  and  that  the  exact 
cost  depended  upon  the  cost  of  oil,  coal  dust  and  coke.  He  placed  the 
cost  of  reverberatory  smelting  at  approximately  $1.20  per  ton,  and  roast- 
ing in  the  McDougall  furnace  at  25  cents  per  ton.  The  cost  for  smelting 
high-sulphur  charges  in  the  blast  furnace  he  considered  would  amount 
to  approximately  $1.00  per  ton,  and  the  cost  of  sintering,  from  80  cents 
to  $1.00  per  ton.  The  total  for  reverberatory  practice,  including  McDougall 
roasting,  would  then  be  approximately  $1.45  per  ton  and  for  blast  furnace 
smelting  $2.00 — ^probably  never  below  $1.75  per  ton.  Hence,  under  pres- 
ent conditions,  the  costs  are  in  favor  of  reverberatory  practice. 

Mr.  L.  H.  Duflchak/  stated  that,  as  a  result  of  some  experimental       Mr. 
work  which  he  had  done,  he  had  found  that  the  sulphur  begins  to  distil  l^ischak. 
from  pyrite  at  625°  C  and  that  at  850°  the  evolution  is  very  rapid,  and 
that  at  this  temperature  sulphur  continues  to  be  evolved  until  the  first 
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Mr.       atom  of  sulphur  is  eliminated.     He  stated  that  to  sinter  an  ore  high  in 
Duschak.  guiphur  it  was  necessary  to   avoid   vaporization   of   the  first  atom   of 
sulphur. 

Mr.  Mr.  Addicks  called  attention  to  the  nodulizing  of  concentrate  which 

Addicks.  takes  place  in  the  rotary  kiln. 

Mr.  Mr.  Hamilton  stated  that  to  sinter  satisfactorily,  the  ore  must  con- 

Hamilton,  tain  at  least  16%  of  sulphur,  and  that  approximately  3%  of  the  sulphur 
would  remain  in  the  product.  He  placed  the  cost  of  sintering  at  from 
70  to  80  cents  per  ton.  He  also  stated  that  the  relative  efficiency  of  the 
reverberatory  and  blast  furnace  products  depended  upon  the  character 
of  the  ore.  He  considered  that  an  ore  high  in  lime  or  high  in  copper 
could  best  be  treated  by  the  blast  furnace. 
Mr.  Mr.  Iiachmand  asked  Mr.  Laist  if  he  had  definite  figures  concerning 

Lachmund.  the  power  returned  to  the  boilers  through  the  use  of  the  heat  of  the 
waste  gases  of  the  reverberatory  furnace. 
Mr.  Mr.  Lalst  replied  that  in  the  old  reverberatory  practice,  in  which  250 

Laist.  tons  of  ore  were  smelted  per  24  hours,  with  the  consumption  of  60  tons 
of  coal,  there  was  returned  450  boiler  hp.,  and  that  in  the  new  furnaces, 
smelting  650  tons  per  24  hours  and  burning  96  tons  of  pulverized  coal, 
there  was  returned  900  to  950  boiler  hp. 

Mr.  Mr.  BlckettB  stated  that  40%  of  the  fuel  in  oil-fired  furnaces  was 

RickettB.  available  for  the  production  of  steam.  He  stated  that  he  was  less  confi- 
dent of  the  universal  use  of  the  reverberatory  furnace  in  copper  smelting 
practice.  He  called  attention  to  the  fact  that  the  smelting  of  acid  ores 
in  a  reverberatory  furnace  requires  extremely  fine  crushing  and  intimate 
mixing  in  order  to  avoid  liquation  and  prevent  the  formation  of  siliceoua 
crusts. 
Mr.  Mr.  Laist  added  that,  for  the  smelting  of  solid  converter  slag,  the 

Laist.  blast  furnace  was  to  be  preferred.  On  account  of  the  desirability  of 
avoiding  the  cost  of  the  10%  of  coke  which  is  required  in  blast  furnace 
smelting,  he  considered  the  reverberatory  furnace  preferable  for  smelting 
liquid  converter  slags.  He  called  attention  to  the  fact  that,  in  the 
smelting  of  such  slags,  in  order  to  reduce  the  copper  content  of  the  slag, 
which  is  commonly  1.5%  to  3%,  it  is  necessary  to  add  additional  sulphide. 
He  also  called  attention  to  the  difficulty  which  sometimes  arises  through 
magnetite  contained  in  the  calcines  from  the  McDougall  furnaces  forming 
accretions  upon  the  bottom  of  the  reverberatory  furnace.  This,  however,, 
he  said,  could  be  overcome  by  the  use  of  pre-heated  concentrate. 

Mr.  Mr.   Hamilton   stated    that   better   reduction   was   obtained   in    the 

Hamilton,  blast  fumace. 

Mr.  Mr.  Bicketts  stated  that  the  metallurgical  balance  sheet  should  be 

Ricketts.  most  carefully  studied  and  that  all  unaccountable  losses  should  be  inves- 
tigated. He  referred  particularly  to  the  constant  error  sometimes  intro- 
duced by  improperly  taken  moisture  samples.  He  then  asked  Mr.  F.  G. 
Gottrell  regarding  the  possibility  of  making  fractional  separation  of 
certain  of  the  constituents  of  smelter  gases  by  electrical  precipitation. 
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Mr.  r.  O.  Oottrell,*  Mem.  Am.  Inst.  M.  E.,  replied  that  a  number  of      Mr. 
such  separations  might  be  possible.    He  first  called  attention  to  the  fact  C^^"*"®^^' 
that  in  order  that  a  substance  be  precipitated,  it  must  be  put  into  the 
form  of  a  visible  cloud  of  suspended  particles  of  solid  or  liquid,  as  the 
true  gases  are  not  a£fected.    For  example,  if  all  the  sulphuric  acid  and 
arsenic  are  to  be  removed  from  the  gases,  it  is  necessary  that  they  be 

« 

cooled  below  the  temperature  at  which  sulphuric  acid  and  arsenic  have  an 
appreciable  vapor  pressure,  which  for  practical  purposes  is,  say,  125  "*  G. 
In  removing  less  volatile  constituents,  such  as  copper,  sulphur  and  lead, 
the  gases  may  be  subjected  to  electrical  precipitation  at  higher  tempera- 
tures. In  the  case  that  separation  is  desired  between  a  volatile  constitu- 
ent and  a  less  volatile  constituent,  the  gases  are  passed  through  an  elec- 
trical precipitation  unit  at  a  sufficiently  high  temperature  to  keep  the 
more  volatile  constituent  vaporized.  This  precipitates  the  less  volatile 
constituent.  The  gases  from  this  unit  may  then  be  passed  to  a  second 
unit,  where  they  are  cooled  sufficiently  to  precipitate  the  less  volatile 
constituents.  In  this  way  it  is  possible  to  make  separations  between 
certain  of  the  metals  and  the  volatile  arsenic  or  acid  vapors.  He  stated 
that  in  the  East  at  the  present  time  the  possibility  of  separating  lead 
and  zinc  fume  was  being  investigated.  Mr.  Cottrell  also  called  attention 
to  both  the  mechanical  and  electrical  difficulties  which  arise  through 
change  in  the  composition  of  the  material  being  deposited.  He  also  called 
attention  to  temperature  as  a  factor  determining  the  dielectric  strength 
of  the  gases  under  treatment — the  higher  the  temperature  the  lower  the 
voltage  which  would  be  carried  on  the  electrodes  for  a  given  space,  or, 
stated  in  another  way,  the  farther  apart  the  electrodes  should  be  set  for 
a  given  voltage. 

Mr.  Lachnmnd  asked  Mr.  Cottrell  if  any  data  were  available  upon  the        Mr. 
relative  volatility  and  recovery  by  electrical  precipitation  of  silver  as  Lachmund. 
compared  with  other  metals  in  ordinary  smelting  and  refining  practice. 

Mr.  Oottrell  replied  that  he  could  not  give  any  quantitative  data      Mr. 
from  memory,  but  that  it  was  a  well  known  fact  that  silver  was  appre-  ^^ottrell. 
ciably   volatile   at   the   temperature   of    ordinary   smelting   and   refining 
furnaces.    He  referred  Mr.  Lachmund  to  the  paper  by  Chas.  H.  Aldridge 
on  The  Treatment  of  Silver  Furnace  Fume,  presented  at  the  San  Fran- 
cisco meeting  of  the  American  Electrochemical  Society. 

Mr.  A.  B.  Wells,  in  commenting  upon  Mr.  Bickett  's  statement  regard-  ^i*- 
ing  the  introduction  of  errors  through  faulty  moisture  samples,  said  that  ^^®^^'* 
the  present  method  of  taking  the  moisture  sample  of  ores,  and  especially 
of  wet  concentrate,  was  not  entirely  satisfactory  and  might  readily  be 
the  cause  for  apparent  metal  losses  in  the  metallurgical  operations.  Since 
mechanical  sampling  is  little  used  for  taking  the  moisture  sample,  the 
personal  equation  of  the  individual  taking  the  sample  enters  in  very 
largely.  These  errors  could,  therefore,  cause  an  apparent  gain  or  loss  of 
the  metals.     He  called  attention  to  a  specific  case  of  a  copper  smelter 
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Mr.  where  there  was  received  daily  1000  tons  of  concentrate  containing  approx- 
Wells.  imately  15%  of  water.  For  a  period  of  several  months  the  metal  losses 
at  this  plant  showed  an  increase  of  30%  to  40%  over  the  normal  loss. 
Elaborate  investigation  of  all  the  metallurgical  operations  failed  to  dis- 
close the  cause  of  the  loss.  Finally,  in  investigating  the  method  of  taking 
the  moisture  sample,  it  was  found  that  a  new  man  had  been  assigned  to 
taking  the  samples  and  that  his  sample  was  in  error  through  the  fact 
that  he  did  not  take  as  much  material  from  the  bottom  of  the  car  as 
from  the  top,  so  that  the  moisture  contained  in  his  sample  was  somewhat 
below  the  true  moisture  content  of  the  car.  This,  of  course,  would  cause 
an  apparent  metal  loss,  which,  although  the  difference  was  slight,  when 
applied  to  1000  tons  of  concentrate  per  day,  was  sufficient  to  make  a  large 
apparent  increase  in  the  metal  loss. 

I>r.  Dr.  H.  O.  Hofman,  Mem.  Am.  Inst.  M.  E.  (by  letter),  said  that  a  dis- 

o  man.  ^^ggj^jj  ^f  ^jjg  paper  prepared  by  a  metallurgist  who  is  in  charge  of  the 
largest  smeltery  of  the  world,  and  who,  as  seen  by  the  extensive  bibliog- 
raphy given,  follows  the  advances  made  outside  of  Anaconda,  appears 
superfluous.  However,  the  scale  of  operations  which  has  become  second 
nature  with  the  author,  leads  him  to  discuss  blast  furnace  smelting  from 
this  point  of  view.  Anaconda  has  stopped  its  blast  furnaces  because  the 
reverberatory  furnace  is  more  profitable.  Under  conditions  similar  to 
those  at  Anaconda  anyone  else  would  do  the  same,  but  many  less  ex- 
tended plants  which  have  not  that  abundant  and  regular  supply  of  ores, 
and  which  have  to  treat  raw  ores  as  furnished,  coarse  and  fine,  will 
hesitate  to  scrap  their  blast  furnace  and  rely  wholly  upon  the  reverber- 
atory furnace.  My  contention  is  that  in  spite  of  the  tremendous  progress 
which  has  been  made  in  reverberatory  matting,  the  blast  furnace,  while 
not  as  important  as  formerly,  still  has  its  important  function. 


Paper  No.  173 


COPPER  METALLURGY  OP  THE  SOUTHWEST. 


By 

Dr.  JAMES  DOUGLAS,  Hon.  Mem.  A.  I.  M.  E. 
New  York,  N.  Y.,  U.  S.  A. 


The  copper  metallurgy  of  the  Southwest  may,  by  the- 
archaeologist,  be  traced  back  to  prehistoric  times;  for  we  find 
hammers  in  some  of  the  superficial  pits  of  carbonate  mines,  indi- 
cating that  the  aborigines  had  learned  that,  at  a  moderate  heat, 
carbonates  mixed  with  carbon  could  be  reduced  to  metal.  Sub- 
sequent to  that  time  and  prior  to  the  absorption  by  the  United 
States  of  those  possessions  of  old  Spain,  copper  was  mined,  but 
apparently  not  submitted  to  metallurgical  treatment.  The  Ajo 
Mines  in  southern  Arizona  were  worked  and  their  ore  shipped 
via  the  Gulf  of  California;  and  metallic  copper  was  extracted 
mechanically  from  the  ores  of  the  Santa  Rita  Mountains,  New 
Mexico,  now  the  property  of  the  Chino  Copper  Co.  Not  far 
from  these  large  deposits,  are  the  Hanover  Mines  whose  ores,  prob- 
ably not  until  after  the  Gadsden  Purchase,  were  smelted  in  small 
adobe  furnaces,  the  remains  of  which  still  stand.  The  Planet  Cop- 
per Claims,  near  the  Colorado  River  at  the  mouth  of  the  Big 
Williams  fork,  were  quite  actively  explored  and  large  shipments 
of  ore  made  to  English  smelters.  In  the  first  volume  of  the 
*^ Mineral  Resources  of  the  United  States",  issued  in  1882,  the 
production  of  copper  in  Arizona  in  1874  is  placed  at  800,000 
pounds.  In  1880  it  is  supposed  to  have  grown  to  2,000,000  pounds. 
Subsequent  to  that  year  accurate  statistics  were  forthcoming. 

Apart  from  these  primitive  efforts,  no  copper  mining  seems 
to  have  been  conducted  until  the  Leszvnskvs  and  Mr.  Freuden- 
thai  opened  up  the  Longfellow  and  the  Coronado  Mine  on  Chase 
Creek,  near  Clifton,  Arizona.  Their  operations  date  back  to 
1872,  when  the  nearest  railway  station  was  over  six  hundred 
miles  away.    They  are  said  to  have  done  their  first  smelting  in. 
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reverberatories.  They  next  resorted  to  small  Mexican  adobe 
stacks,  and,  by  a  series  of  evolutionary  steps,  created  a  very 
ingenious  copper-jacketed  furnace,  built  up  of  troughs  cast 
from  their  own  crude  copper.  They  were  still  using  very  suc- 
cessfully such  improvised  furnaces  when  I  first  had  the  pleas- 
ure of  visiting  their  works  in  1881,  shortly  before  they  sold  out 
to  the  Arizona  Copper  Co.,  a  Scotch  organization.  By  that  time, 
however,  the  mining  and  smelting  of  the  ores  of  the  Copper 
Queen  group  had  been  under  way  for  some  months:  and  the 
progress  of  the  copper  interests  of  the  .Southwest  has  been 
almost  uninterrupted  ever  since.  It  has  now  reached  an  annual 
output  of  over  400,000,000  pounds. 

The  introduction  of  the  porphyry  concentrates  from  the 
Miami  and  Ray  Mines  in  1912  and  1913  caused  a  sudden  increase 
of  production  from  Arizona,  and  another  augmentation  may  be 
looked  for  in  the  near  future,  when  the  International  Smelter 
puts  into  the  market  the  combined  output  of  the  Miami  and  the 
Inspiration  companies.  The  concentrates  from  the  Chino  por- 
phyries, coming  from  New  Mexico,  go  to  the  El  Paso  Smelter 
of  the  American  Smelting  &  Refining  Co.,  and  contribute  to 
the  total  of  the  United  States  50,500,000  pounds  of  copper  a  year. 

A  sketch  of  the  development  of  the  metallurgical  plants 
and  processes  at  the  furnaces  of  the  Copper  Queen  in  the  War- 
ren District  will  illustrate  the  changes  made  in  the  copper 
smelter's  art  during  the  last  thirty-three  years,  in  the  South- 
west. 

The  work  on  this  mine  commenced  on  the  15th  day  of  June, 
1880,  and  a  36-inch  iron- jacket  furnace  was  erected  to  smelt 
the  ore.  The  furnace  was  completed  and  operations  started  on 
the  20th  of  August,  with  the  following  results  : 

Tons  of  Ore 
1880  Smelted 

August  114.5 

September  579.5 

October   801. 

November  616. 

December   748.5 

1881 
January  718.75  146.5  20% 


Tons  of  Bul- 

lion  of   96% 

Percent  of 

Cu.  Produced 

Cu.  in  Ore 

33.5 

29% 

159. 

27% 

210.5 

26% 

143.75 

23% 

171.5 

22% 
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A  second  lilliputian  stack  was  added,  and  that  insignificant 
plant  turned  out  for  the  original  Copper  Queen  Mining  Co., 
from  1880  to  1885,  34,536,000  pounds  of  copper  in  bars  from 
145,000  tons  of  ore,  yielding  an  average  of  11.5%  copper. 

During  this  period  the  Atlanta  Claim,  adjacent  to  the 
Copper  Queen,  was  successfully  explored  by  the  Atlanta  Mining 
Co.,  and  the  two  companies  were  consolidated  as  the  Copper 
Queen  Cons.  Mining  Co.  The  members  of  the  firm  of  Phelps, 
Dodge  &  Co.  had  developed  the  Atlanta  and  they  became  the 
controlling  interest  in  the  Consolidated  Company,  and  have 
remained  so  ever  since. 

The  extended  territory  yielded  more  ore  and  required  more 
furnace  equipment,  better  and  more  economically  designed,  to 
meet  the  decline  in  the  price  of  copper.  Lake  copper  had  sunk 
to  10  cents  per  pound,  and  96%  bars,  such  as  Arizona  was  pro- 
ducing, touched  7%  cents.  The  new  works  consisted  of  four 
small  stacks,  which  were  soon  enlarged  to  furnaces  of  65  in.  by 
42  in. 

Years  of  prosperity  and  regular  payment  of  dividends  suc- 
ceeded the  active  operations  of  the  new  company. 

The  mines  of  the  Bisbee  District  fortunately  yielded  an 
oxidized  ore  of  fusible  composition.  The  loss  of  copper  in  the 
resulting  slags  was  comparatively  low,  being  about  2^2  per- 
cent. In  the  Clifton  and  Globe  districts,  where  the  ores  were 
in  great  part  silicious,  as  much  as  50%  of  barren  flux  was 
required  to  render  them  fusible ;  the  slags,  even  after  this  dilu- 
tion, ran  from  3l^  to  4^^  per  cent  in  copper.  This  fusible  furnace 
mixture  secured  prosperity  to  the  Warren  District. 

At  that  time,  the  pneumatic  method  of  concentrating  matte 
had  not  been  introduced,  and  the  absence  of  sulphur  in  the  ore 
was  looked  upon  as  its  redeeming  quality.  Subsequently,  its 
presence  came  to  be  appreciated  as  its  saving  factor.  The 
proof  of  this  was  demonstrated  in  1893,  when  the  Copper 
Queen  was  obliged,  by  the  increased  sulphur  in  its  deeper  ores, 
to  introduce  the  Bessemer  converter.  The  furnace  yield  on  the 
same  ore  at  once  jumped  up  1^/^  per  cent,  ajid  the  copper  con- 
tents of  the  Bessemer  bars,  which  was  over  99%,  fitted  them 
for  electrolytic  refining. 
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The  first  converter  plant  erected  by  the  Copper  Queen 
Company  dispensed  with  an  electric  crane,  as  the  quantity  of 
copper  to  be  handled  was  not  large.  For  a  substitute,  each 
cupola  furnace  was  coupled  up  with  a  stationary  well,  from 
which  the  matte  alone  flowed  into  a  tilting  well.  This  receptacle 
hold  a  charge,  which  was  poured  into  a  converter  on  a  lower 
level.  The  capacity  of  the  furnace  was  estimated  to  be,  as 
nearly  as  possible,  that  of  the  converter  which  it  fed.  The 
arrangement  was  simple  and  worked  well  while  operating  on 
a  comparatively  small  scale;  and  for  a  time,  while  the  cost  of 
electrolytic  refining  was  high,  it  enabled  the  company  to  smelt 
ores  of  profitable  grade  in  precious  metals  in  a  separate  stack  and 
converter.  But  the  refining  charges  steadily  dropping,  it  soon 
became  profitable  to  convert  the  total  product  of  the  mine  into 
electrolytic  copper,  though  the  average  ore  has  yielded  only  about 
seventy-five  cents  per  ton  of  the  precious  metals. 

Before  the  expiration  of  the  decade  which  succeeded  the 
introduction  of  the  converter,  the  enlargement  of  the  smelting 
plant  became  imperative,  and  a  site  with  ample  space  for 
further  expansion  was  selected  in  the  Sulphur  Spring  Valley, 
twenty-eight  miles  distant  from  the  mine.  The  changes  in  the 
planning  of  the  mechanical  and  metallurgical  features  of  the  new 
works  are  due  to  ]\Ir.  John  Langton  and  Mr.  George  B.  Lee.  Their 
subsequent  changes  have  been  made  by  Mr.  Lee's  successor,  Mr. 
Forest  Rutherford.  These  changes  consisted  in  the  enlargement 
of  the  cupolas  and  the  increase  of  their  number,  in  the  substitu- 
tion for  the  small  converters  of  the  large  twelve-foot  vertical 
converters  of  the  Great  Falls  type,  in  the  abandonment  of  the 
acid  lining  and  the  adoption  of  the  Pierce-Smith  basic  bricks, 
and  in  the  addition  of  a  roasting  and  reverberatory  plant.  Some 
of  the  rtvonls  of  production  on  a  single  lining  are  surprising. 

The  most  notable  alteration  in  the  smelting  works  of  the 
Southwest  has  been  the  replacement,  entirely  or  partially,  of 
the  cupola  by  the  reverberatory,  as  the  result  of  the  increased 
burilen  of  concentrates  delivered  to  the  smelters.  The  Copper 
Queen  Company  added  three  reverberatories  to  their  plant,  in 

*  Mr.  Ruthort'i^nrs  article  describi-s  in  detail  the  Douglas  Works  of 
the  Copper  Queen  Company. 
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order  to  handle  with  less  loss  and  greater  economy  the  large 
volume  of  concentrates  delivered  from  Nacozari  and  the  flue 
dust  from  their  cupolas. 

The  Arizona  Copper  Co.,  in  their  new  works  at  Clifton, 
designed  by  Dr.  Ricketts,  has  eliminated  the  cupola  altogether, 
and  the  American  Smelting  &  Refining  Co.  's  works  at  Hayden, 
erected  to  treat  primarily  the  Ray  concentrates,  adopted  the 
reverberatory  exclusively.  The  three  reverberatory  furnaces 
to  handle  the  whole  of  the  concentrates  from  the  Miami  and 
the  Inspiration,  now  under  construction  near  Globe,  will  be 
21  ft.  by  120  ft.  As  the  concentrates  to  be  smelted  will  contain 
approximately  40%  copper,  their  production  will  exceed  that 
of  any  other  Arizona  smelter. 

The  reverberatory  was  slow  in  taking  its  proper  place  in 
our  metallurgical  works,  for  the  concentration  of  the  low-grade 
porphyry  ores  of  the  Clifton  District  dates  back  to  the  eighties, 
and  their  production  should  have  been  accompanied  by  the  in- 
troduction of  the  open-hearth  furnace.  But,  in  fact,  this  fur- 
nace has  displaced  the  cupola  only  since  Pearce,  at  Argo,  and 
the  metallurgist  in  the  northern  fields  of  the  Rocky  Mountains, 
have  taught  us  how  to  increase  its  capacity,  and  how  eco- 
nomically to  utilize  the  waste  heat. 

New  promising  sources  of  copper  may  be  anticipated  from 
the  Tyrone  District,  treating  the  ores  of  the  Burro  Mountains, 
and  from  the  Ajo  District. 

The  mines  and  works  referred  to  are  ini  the  southern  counties 
of  Arizona  and  New  Mexico.  To  the  north,  Yavapai  County  alone 
is  an  important  producer,  the  copper  at  present  coming,  to  all 
intents  and  purposes,  exclusively  from  the  Hon.  W.  A.  Clark's 
famous  United  Verde  Mine.  Phelps,  Dodge  &  Co.,  in  the  early 
eighties,  had  furnaces  on  the  Big  Bug,  treating  ores  from  an  in- 
teresting chain  of  ore  mas.ses,  which,  however,  did  not  seem  to 
be  of  very  great  extent ;  also  furnaces  and  leaching  works  at  the 
Copper  Basin.  These  were  destroyed  by  fire  and  not  replaced, 
though  the  property  is  now  again  active  and  shipping  ore.  A 
third  group  of  mines,  in  which  the  copper  was  contaminated  with 
zinc,  was  worked  by  the  same  firm  some  twenty  years  ago  near 
Yucca  in  Mohave  Countv. 
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A  custom  smelter — ^the  Humboldt  Smelter — on  the  Agua  Fria 
in  Yavapai  County,  is  run  independently,  and  supplies  local  de- 
mands. 

The  famous  Verde  Mines,  however,  are  the  only  important 
feeders  in  the  north  to  the  copper  output  of  Arizona.  They  were 
first  very  partially  explored  in  the  seventies,  when  one  hundred 
and  eighty  miles  from  the  nearest  railroad.  The  first  company 
that  operated  them  for  a  short  period  did  a  highly  prosperous 
business  on  oxidized  surface  ores,  which  were  rich  in  the  precious 
metals,  but  it  was  not  until  the  mine  had  passed  under  the  control 
of  Mr.  Clark  that  it  was  worked  with  great  energy,  and  its  pro- 
duction rose  to  30,000,000  or  40,000,000  pounds  of  copper  per 
year.  The  old  works  recently  became  so  dilapidated  that  a  new 
furnace  plant  has  been  erected  in  the  Verde  Valley. 

The  Verde  District,  outside  of  Mr.  Clark's  property,  has  not 
heretofore  been  productive,  but  at  the  present  time  rich  ore  is 
being  shipped  from  the  property  of  the  United  Verde  Extension 
Mining  Co. 

The  extreme  northern  counties  of  both  New  Mexico  and 
Arizona  contain  a  number  of  promising  copper  deposits,  which, 
however,  remain  as  yet  undeveloped.  Strange  to  say.  Nature's 
exploration  on  a  stupendous  scale,  when  she  cut  the  huge  explora- 
tory drift  to  the  depth,  in  places,  of  six  thousand  feet,  and  now 
visited  as  one  of  the  wonders  of  the  world,  exposed  very  insignifi- 
cant amounts  of  mineral. 

At  the  present  time  the  furnace  equipment  of  the  works 
either  completed  or  in  course  of  erection  in  the  Southwest  are 
the 

Copper  Queen  Cons.  Mining  Go.  at  Douglas,  Arizona. 
10  blast  furnaces,  18  ft.  and  20  ft.  by  42  ft. 

3  reverberatories,  91%  ft.  by  19  ft. 
7  12'foot  converters. 

16  roasters. 
Calumet  &  Arizona  Mining  Co.  at  Douglas,  Arizona. 
2  40-f t.  blast  furnaces. 

4  reverberatories,  19  ft.  by  100  ft. 

6  stands  12-f  t.  upright  converters  of  the  Great  Falls  type. 
12  roasters. 
United  Verde  Copper  Co.  at  Jerome,  Arizona. 
4  blast  furnaces,  271-^  ft.  by  4  ft. 
4  reverberatories,  100  ft.  by  19  ft. 
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6  roasters. 

5  12-ft.  upright  converters  of  Great  Falls  type. 

Arizona  Copper  Co.  at  Clifton,  Arizona. 
No  blast  furnaces. 
4  reverberatorieSy  19  ft.  by  100  ft. 

6  roasters. 

6  stands  12-f  t.  upright  converters  of  Great  Falls  type. 
The  American  Smelting  &  Befining  Co.  at  Hayden,  Arizona. 
No  blast  furnaces. 

2  reverberatories,  19  ft.  by  112  ft.' 
8  roasters. 

3  converters. 

Detroit  Copper  Mining  Co.  of  Arizona,  Morenci,  Arizona. 

1  large  blast  furnace. 

4  small  converters. 

Old  Dominion  Copper  Mining  &  Smelting  Co.,  Globe,  Arizona. 

The  Old  Dominion  Company  has  not  yet  added  a  reverbera- 
tory  to  its  cupola  plant,  as  the  volume  of  concentrates  from  its 
small  concentrator  has  been  insufficient  to  economically  feed 
one.    Its  plant  consists  of 
6  cupola  furnaces,  of  which  more  than  4  are  seldom  used. 

2  12-ft.  converters  of  Great  Falls  type,  one  only  of  which  is 
retained  in  blast,  and  it  has,  without  relining,  turned  out  43,- 
000,000  pounds  of  copper. 

Shannon  Copper  Co.  at  Clifton,  Arizona. 

3  blast  furnaces. 

2  stands  of  converters. 

International  Smelting  &  Befining  Co.,  Globe,  Arizona, 
(to  treat  the  Inspiration  and  Miami  Concentrates) 
No  blast  furnaces. 

3  reverberatories. 
6  roaster  furnaces. 
6  converters. 

Consolidated   Arizona  Smelting  Co.,  Humboldt,   Arizona. 
(Humboldt  Smelter) 
1  blast  furnace  (for  copper). 

1  blast  furnace  (for  lead). 
3  100-ft.  reverberatories. 

3  100-ft.  Edwards  roasters. 

2  stands  barrel-type  converters. 

Fig.  1  shows  a  flow  sheet  of  the  new  plant  of  the  Interna- 
tional Smelting  &  Refining  Company,  now  just  completed  near 
Globe,  Arizona,  to  handle  the  concentrates  from  the  Inspiration 
and  Miami  properties. 
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REDUCTION  WORKS— COPPER  QUEEN  CONSOLIDATED 
MINING  COMPANY,  DOUGLAS,  ARIZONA. 


By 

FOREST  RUTHERFORD,  Mem.  A.  I.  M.  E. 

Copper  Queen  Cons.  Mining  Co. 

Douglas,  Ariz.,  U.  S.  A. 


In  March,  1904,  these  works,  consisting  of  five  blast  fur- 
naces, four  converter  stands,  with  the  necessary  equipment  to 
operate  them,  were  started  up. 

It  was  immediately  found  that  the  plant  was  not  large 
enough  to  handle  the  ore  available,  so  work  on  additions  was 
commenced  and  rushed  through  until  May,  1907,  when  the  plant 
had  grown  to  ten  blast  furnaces  and  seven  converter  stands, 
with  their  necessary  equipment.  Although  larger,  it  still 
remained  entirely  a  blast  furnace  proposition.* 

The  material  treated  consisted  of  Copper  Queen  ores  from 
the  Bisbee  Mines,  concentrates  from  the  Montezuma  Copper 
Company,  Nacozari,  Sonora,  Mexico,  and  what  ores  could  be 
purchased  from  outside  mines. 

As  the  Copper  Queen  ores  are  very  clayey  and  fall  to  pieces 
when  dry,  the  charge  for  the  furnaces  was  extremely  fine  (40% 
of  it  passing  through  a  i/i-Jiich  screen),  the  production  of  flue 
dust  was  very  large,  and,  therefore,  the  losses  higher  than  com- 
patible with  good  metallurgical  work. 

To  determine  what  these  losses  were,  a  series  of  tests  was 
started  in  May,  1909  (a  description  of  which  is  given  in  the 
Engineering  and  Mining  Journal  for  September  10, 1910),  which 
resulted  in  numerous  changes  and  additions  to  the  plant.  First, 
the  dust  chamber  was  enlarged;  second,  the  converter  gases 
were  taken  out  of  the  main  chamber  and  delivered  to  the  stack 
through  a  separate  flue  and  header;  and  third,  after  extensive 

*  For  detailed  description,  see  the  Engineering  and  Mining  Journals 
for  August  11th  and  18th,  1906. 
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experiments  with  the  Dwight-Lloyd  process,  work  was  started 
on  reverberatory  furnaces  and  roasters. 

This  addition  consisted  of  two  reverberatory  furnaces  with 
waste  heat  boilers  attached,  six  McDougall  roasters,  flues,  dust 
chambers,  and  the  necessary  general  equipment. 

The  idea  was  to  operate  one  furnace,  smelting  in  it  the 
blast-furnace  flue  dust,  and  a  part  of  the  Montezuma  concentrate 
calcines,  while  the  remainder  would  still  be  smelted  in  the  blast 
furnaces. 

By  the  time  these  furnaces  were  built  and  put  into  opera- 
tion, the  ore  conditions  had  changed  sufficiently  to  allow  the 
operation  of  two  reverberatory  furnaces,  so  it  was  decided  to 
build  a  third  and  add  three  more  McDougall  roasters.  This  was 
done,  thus  giving  us  a  plant  of  three  reverberatory  furnaces  and 
nine  McDougall  roasters.  Again,  on  account  of  an  increase  in 
the  sulphide  ores  in  the  Bisbee  mines,  it  was  decided  to  add 
seven  more  McDougall  roasters,  in  which  to  partially  roast  this 
material  before  smelting  in  the  blast  furnaces,  and  thereby 
give  us  greater  control  over  the  sulphur  going  to  them  and 
over  the  grade  of  the  matte  made  by  them.  This  installation 
will  be  completed  by  the  end  of  1914. 

While  making  these  additions  and  changes  to  the  rever- 
beratory plant,  we  were  also  replacing  our  old  barrel  type  of 
converters  with  the  vertical  converter,  or  what  is  generally 
spoken  of  as  the  Great  Falls  type,  12  feet  in  diameter,  having 
in  the  meantime  changed  over  from  the  acid  method  of  con- 
verting to  the  use  of  magnesite  brick  for  lining.  Seven  of 
these  large  converter  stands  were  installed  in  place  of  eight  of 
the  former  smaller  ones,  thus  giving  us  a  greater  converter 
capacity  without  taking  up  any  more  space  in  our  building. 

Comparing  the  plant  in  1904 — which  consisted  of  five  blast 
furnaces,  four  converter  stands,  three  ore  beds,  and  the  neces- 
sary power  and  general  equipment  to  operate  them — ^with  the 
plant  as  it  will  be  by  the  end  of  1914 — which  will  consist  of  ten 
blast  furnaces,  three  reverberatory  furnaces,  sixteen  McDougall 
roasters,  seven  large  12-foot  converter  stands,  five  ore  pits,  and 
the  necessary  power  and  general  equipment  to  operate — it  is 
readily  seen  that  the  past  decade  has  witnessed  a  great  advance- 
ment in  our  operations,  both  as  to  size  of  plant  and  method  of 
treating  our  ores. 
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Where  it  could  then  treat  with  difficulty  2000  tons  per  day, 
it  can  now  treat  without  any  difficulty  from  4000  to  4500  tons, 
and  can  be  run  in  such  a  manner  that  metallurgy  and  costs  can 
be  carefully  attended  to. 

The  plant  has  some  peculiar  features,  most  of  which  are 
well  known;  principal  among  them  being,  perhaps,  the  level 
site  on  which  it  is  built,  which  permitted  large  extensions  to 
be  easily  made. 

The  metallurgical  treatment  of  the  ores  has  changed,  due 
to  sulphides  becoming  more  abundant  and  to  the  fact  that  oil 
is  available  as  fuel;  the  reverberatory  furnace  process  for  the 
treatment  of  the  fine  materials  has  been  adopted,  while  the  blast 
furnaces  are  used  for  the  coarser  material  only.  The  slags  made 
are  rather  peculiar  in  the  fact  that  they  generally  carry  from 
11%  to  13%  of  alumina,  and  are,  therefore,  rather  viscous. 

The  method  used  to  protect  the  side  walls  of  the  reverbera- 
tory furnaces  is  also  different  from  that  found  in  many  plants, 
as  practically  no  barren  silicious  material  is  used.  At  first,  this 
was  the  case,  but  it  was  soon  found  that  with  the  very  basic 
slags  made,  it  was  too  expensive  to  keep  the  furnace  properly 
fettled  with  this  material,  and  also  that  in  dropping  it  through 
holes  in  the  roof,  along  the  side  walls,  there  was  a  great  ten- 
dency to  blanket  the  bath  and  thereby  reduce  the  smelting 
capacity  of  the  furnace.  A  series  of  experiments  was  started, 
which  ended  in  our  using,  for  this  purpose,  ores  running  as  high 
as  35%  Fe,  as  low  as  25%  SiOj,  with  sulphur  from  15%  to  18% 
and  copper  about  5%. 

It  was,  of  course,  impossible  to  use  this  class  of  material 
throughout  the  full  length  of  the  furnace,  because  if  used  too 
close  to  the  skimming  door,  some  of  it  was  carried  out  in  an 
unfused  state,  making  the  slags  too  high  in  copper.  We,  there- 
fore, lined  the  front  half  of  the  furnace  with  magnesite  brick 
and  did  not  attempt  to  clay  it  at  all. 

This  method,  under  our  condition,  seems  to  work  very 
satisfactorily.  In  any  case,  as  far  as  the  method  is  concerned, 
it  is  very  essential  that  the  ore  used  must  contain  enough  sul- 
phur to  matte  all  the  copper,  or  otherwise  it  will  stay  in  the  slag 
in  the  form  of  shot  and  be  carried  out;  whereas,  if  in  the  form 
of  matte,  it  will  go  through  the  slag  into  the  bath  below,  and 
the  slag  will  be  clean. 
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ADVANCES  MADE  IN  THE  METALLUEGY  OF  COPPER, 

GLOBE  DISTRICT,  ARIZONA. 


By 

L.  O.  HOWARD,  Mem.  A.  I.  M.  E. 

Old  Dominion  Copper  Mining  Co. 

Globe,  Ariz.,  U.  S.  A. 


The  greatest  advance  in  the  metallurgy  of  copper  in  recent 
years  in  this  district  has  been  in  the  successful  attempt  to  work 
the  low-grade  porphyry  deposits  owned  by  the  Miami  Copper 
Co.  and  the  Inspiration  Consolidated  Copper  Co.  A  few  years 
ago  it  would  have  been  impossible  to  have  worked  such  deposits, 
but  the  great  strides  made  in  concentrating  methods  and  the 
development  of  highly  specialized  equipment  have  made  profit- 
able the  metallurgical  treatment  of  these  low-grade  ore  bodies. 
The  ^liami  Copper  Co.  is  already  taking  steps  to  inxsrease  the 
capacity  of  its  recently  completed  concentrator  to  4000  tons  of 
ore  daily,  and  the  Inspiration  Consolidated  Copper  Co.  has  in 
process  of  construction  a  concentrator  of  7500  tons  daily  capac- 
ity. To  handle  these  concentrates,  the  International  Smelting 
Co.  is  building  a  very  complete  and  modem  reduction  plant. 

Generally  speaking,  however,  the  improvement  in  copper 
metallurgical  practice  in  this  district  might  be  said  to  have 
started  at  the  beginning  of  the  present  decade.  Prior  to  this 
time  different  amall  smelting  plants  had  been  operating  in  the 
neighborhood,  and  the  Warrior  Copper  Co.  had  made  an  unsuc- 
ivssful  attempt  to  loach  with  sulphuric  acid  its  oxide  and 
silicate  ores.  Of  the  smelting  plants,  those  remaining  in  opera- 
tion were  the  Uuiteii  Globe  and  the  Old  Dominion  smelters. 
Both  wore  piH>rly  ei^uip^HHl,  and  owing  to  lack  of  railroad  aeeom- 
nuHlation,  the  reivipt  of  supplies  was  uncertain.  More  or  less 
intornutlont  oi>erating  rosulto\l,  and  the  mining  and  metal- 
lurgical industry  laokovl  stability.    With  the  advent  of  the  rail- 
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road,  a  marked  change  for  the  better  took  place,  but  it  was  not 
until  the  Phelps  Dodge  Company  obtained  control  of  the  Old 
Dominion  property  that  a  betterment  in  metallurgical  practice 
started.  Hitherto,  a  lack  of  sulphide  ores  in  the  district  had 
made  matte  smelting  impossible,  but  with  depth,  both  the  Old 
Dominion  and  the  United  Globe  mines  encountered  sulphides. 
Erection  on  the  Old  Dominion  ground  of  a  small  up-to-date 
smelter  was  started.  This  plant  was  at  first  equipped  with  two 
16-ft.-0-in.  by  44-in.  matting  furnaces  and  two  converter  stands 
with  four  7-ft.-0-in.  by  lO-ft.-6-in.  converter  shells."  Since  the 
erection  of  this  original  smelting  unit,  other  blast  furnaces  and 
converters  have  been  added,  until  the  smelting  capacity  has  been 
increased  to  1500  tons  of  charge  daily.  To  handle  the  second- 
class  sulphide  ores,  a  500-ton  concentrator  was  built,  and  the 
concentrates  shipped  to  the  new  smelter  to  supply  some  of  the 
sulphur  necessary  for  the  production  of  matte.  Although  the 
matter  has  frequently  been  considered,  the  Old  Dominion  Com- 
pany has  never  deemed  it  advisable  to  build  reverberatory  fur- 
naces, preferring  rather  to  mix  the  fine  concentrates  with  the 
coarse  first-class  ores  and  treat  all  in  blast  furnaces,  relying 
upon  adequate  dust-chambers  to  settle  and  recover  the  flue- 
dust  produced.  Since  the  completion  of  this  smelter,  the  actual 
smelting  has  been  but  little  changed,  and  no  radical  improve- 
ment has  been  made  in  the  methods  of  reduction. 

In  the  converting  department  the  original  practice  was  to 
line  the  shells  with  barren  silica,  procured  in  the  shape  of  quartz 
boulders  from  the  adjacent  hillsides.  For  a  binder,  a  barren 
clay  was  used.  Improvement  over  this  practice  was  made  by 
substituting  silicious  copper  ores  from  our  own  mines  for  the 
barren  quartz  and  using  an  aluminous  slime  from  the  concen- 
trator for  a  binder.  Later  the  thought  suggested  itself  that 
it  might  be  possible  to  incorporate  a  certain  amount  of  blast- 
furnace flue-dust  in  the  silicious  linings,  and  working  with  this 
end  in  view,  it  was  found  possible  to  add  as  much  as  25%  of 
this  basic  secondary  without  materially  shortening  the  life  of  a 
lining.  Thus,  not  only  was  a  troublesome  product  taken  care  of, 
but  the  cost  of  lining  the  converters  was  greatly  reduced.  This 
practice  was  adhered  to  until  the  early  part  of  1913,  when  the 
acid-lined  shells  were  replaced  by  a  single   stand  and  two 
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12-ft.-0-in.  Great  Falls  type  electrically-operated,  basic-lined 
converters.  With  this  new  installation,  and  using  one  shell 
only  at  a  time,  it  has  been  found  possible  to  convert  all  the 
matte  produced,  sometimes  making  over  three  and  one-quarter 
million  pounds  of  copper  per  month  from  a  42%  copper  matte. 
This  last  installation  has  made  necessary  many  radical  changes 
in  the  running  of  the  converting  department  and  has  also 
resulted  in  a  decided  lowering  of  costs.  One  converter  has  been 
in  continuous  use  for  over  eighteen  months  and  has  turned  out 
more  than  45,000,000  pounds  of  copper  without  the  expendi- 
ture of  a  single  cent  for  repairs  to  the  lining. 

Early  in  1912  it  was  decided  to  remodel  the  existing  con- 
centrator, first  building  an  additional  unit  of  500-tons  capacity. 
This  addition  has  just  been  completed  and  is  equipped  with  the 
most  recent  concentrating  machinery.  For  the  recovery  of  the 
finer  concentrates,  the  oil-flotation  process  has  been  adopted. 
The  coarser  product  is  handled  in  jigs  and  over  tables  and 
vanners.  The  preliminary  crushing  and  sampling  is  done  in  a 
new  crushing-plant  and  sample-mill  having  an  hourly  capacity 
of  200  tons.  In  these  two  departments,  the  handling  of  the  ore 
is  as  nearly  automatic  as  possible. 
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The  Metallurgy  of  Copper  was  kno^vn  at  a  very  early  date 
and  the  metal  has  been  produced  from  its  ores  by  crude  methods 
and  means  by  the  people  of  all  nations  in  every  age.  Copper  or 
bronze  tools  and  implements  are  among  the  oldest  of  the  world's 
instruments,  and  it  has  been  used  for  coinage  purposes  by  all 
nations. 

During  the  past  fifteen  years  there  has  been  little  change 
in  the  methods  used  for  the  reduction  of  the  metal  from  its  ores, 
except  in  the  improvements  of  the  mechanical  appliances  for 
handling  the  ores  and  the  metal  in  the  various  stages  of  treat- 
ment and  the  greater  recovery  that  is  made,  due  to  these  improve- 
ments and  the  better  knowledge  of  the  processes  used. 

There  is  some  experimental  work  going  on  at  the  present 
time  in  the  development  of  wet  processes  for  the  treatment  of 
low-grade  ores  and  the  tailings  from  some  of  the  old  mills.  Flo- 
tation methods  are  also  used,  with  a  degree  of  success,  for  increas- 
ing the  recovery  of  the  values  in  the  slimes. 

Improvements  are  also  being  made  in  the  design  of  crush- 
ing  and  grinding  machinery  of  all  types  used  in  the  preparation 
of  the  ores  for  treatment  by  these  various  processes  in  mills  and 
in  the  smelter,  and  thus  increasing  the  recovery  and  efficiency  of 
the  methods  used. 

The  design  of  modem  smelters  has  been  influenced  to  a 
certain  degree  by  all  these  improvements,  but  the  methods 
employed  in  the  reduction  of  the  ore  are  about  the  same,  as  far 
as  principles  are  concerned,  as  in  former  times.  The  appliances 
used  are  more  efficient,  the  mechanical  construction  of  the  fur- 
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naces  is  better,  there  has  been  a  great  improvement  in  the  trans- 
portation and  handling  of  materials,  electric  power  and  com- 
pressed air  are  used  in  doing  more  work,  and  there  has  been  a 
great  development  and  improvement  in  machinery  of  all  kinds 
used  in  the  mining  and  reduction  of  copper  ores. 

Experiments  are  being  carried  on  to  determine  the  valuable 
constituents  other  than  copper  and  the  precious  metals  that  are 
found  in  the  ore  and  in  the  gas  and  flue  dust  that  are  incident  to 
the  operation  of  a  reduction  works. 

The  moderate  success  that  has  been  attained  in  all  this  work 
will  influence  the  design  of  smelters  to  a  great  extent  in  the  near 
future.  Additional  space  will  be  required  for  the  location  of 
the  various  buildings  required,  and  the  capital  outlay  will  be 
greater. 

Everything  is  done  on  a  much  larger  scale  now  than  in  the 
decade  preceding  the  year  1900,  due  to  the  general  development 
in  all  lines  of  applied  science  and  the  increased  engineering 
knowledge,  and  to  the  specialization  that  is  applied  to  the  com- 
ponent parts  of  a  large  and  modem  smelter. 

Materials  are  now  available  for  construction  purposes  that  a 
few  years  ago  were  prohibitive  on  account  of  their  scarcity  and 
consequent  cost.  Capital  is  also  available  in  larger  quantities, 
and  all  these  conditions  serve  to  influence,  in  a  marked  degree, 
the  design  and  construction  of  the  modem  plant. 

The  smelter  of  today  is  the  result  of  the  united  efforts  of  a 
number  of  men  banded  together  in  an  organization,  among  whom 
are  experts  and  metallurgists  who  are  specialists  in  their  respec- 
tive lines. 

The  Washoe  smelter  at  Anaconda,  Montana,  in  all  prob- 
ability was  the  first  of  the  great  modem  plants  that  was  built 
according  to  modem  methods,  by  a  corps  of  trained  men  and 
skilled  engineers  who  were  specialists  in  construction. 

The  design  of  the  plant  was  the  result  of  the  experimental 
work  that  had  been  done  in  the  old  plants  at  Anaconda,  Butte 
and  Great  Palls,  Montana,  during  the  previous  decade,  which 
had  shown  what  might  be  accomplished  in  a  plant  designed  and 
built  so  that  all  departments  were  so  coordinated  that  the  entire 
plant  was  practically  a  machine  which  performed  its  work  effi- 
ciently and  economically.    A  great  amount  of  capital  was  also 
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available,  so  that  the  work  could  be  done  as  well  as  human  ingen- 
uity could  devise. 

The  concentrator  was  designed  according  to  a  flow  sheet 
that  embodied  the  results  obtained  in  the  experimental  work  that 
was  done  in  the  old  concentrators  in  the  Butte  district. 

The  machinery  used  in  each  of  the  departments  was  designed, 
by  the  engineers  in  charge  of  the  work,  to  suit  the  requirements 
and  conditions,  or  was  made  by  manufacturers  whose  machinery 
had  been  given  a  thorough  test  in  the  old  plants.  Larger  units 
were  required  in  each  department,  and  where  manufacturers 
could  not  furnish  them,  new  designs  were  made,  either  by  the 
engineers  in  charge  or  by  the  manufacturers  themselves  in  con- 
sultation with  the  engineers  of  the  company.  The  application 
of  these  large  units  in  the  old  plants  could  not  be  made  effective 
because  of  the  limitations  existing  in  them,  but  their  value,  advan- 
tages and  possibilities  were  easily  recognized  when  they  could  be 
coordinated  and  arranged  in  a  new  plant. 

These  considerations  applied  to  every  department  in  the 
smelter.  The  McDougall  furnaces  used  in  the  roasting  or  calcin- 
ing department  had  been  designed,  built  and  tried  at  the  old 
works  in  Great  Falls,  which  has  always  been  to  the  front  in  this 
line  of  work.  The  engineers  were  familiar  with  the  results  that 
had  been  obtained  in  the  small  Herreshoff  turret-type  roasters  in 
the  old  plant  of  the  Montana  Ore  Purchasing  Co.'s  plant  in 
Butte,  and  the  advantages  of  a  larger  furnace  of  the  same  type 
were  easily  calculated. 

Orders  were  given  the  engineering  department  of  the  com- 
pany to  design  furnaces  twelve  feet  in  diameter,  and  after  the 
first  preliminary  plan  was  made  for  that  size,  the  management 
determined  to  build  furnaces  sixteen  feet  in  diameter,  air-cooled 
and  with  eight  hearths.  These  did  not  prove  successful  in  opera- 
tion at  first,  because  the  engineers  did  not  fully  understand  the 
conditions,  having  no  data  on  which  to  base  their  calculations,  and 
the  arms  and  shafts  that  stirred  the  ore  on  the  hearths  and  came 
in  contact  with  the  heat  generated,  were  not  suited  for  the  service 
and  the  heat  they  were  obliged  to  withstand.  The  trouble  was 
easily  remedied  by  substituting  water-cooled  arms  and  shafts,  but 
owing  to  the  greater  space  required  for  the  new  arms  and  shafts, 
the  number  of  hearths  was  reduced  from  eight  to  six.    The  fur- 
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nace  as  altered  proved  successful  and  was  embodied  in  the  design 
of  the  McDougall  plant  at  the  Washoe  works.  The  furnace  was 
named  McDougall  after  the  original  patentee  of  the  turret-type 
furnace,  and  the  improvements  made  in  the  design  were  patented 
by  Messrs.  Evans  and  Klepetko. 

The  type  of  reverberatory  furnace  that  became  a  com- 
ponent part  of  the  new  plant  was  one  that  had  been  developed 
at  the  Colorado  plant  in  Butte  and  copied  later  at  the  Butte  and 
Boston  plant.  The  furnace  was  20  by  50  feet,  inside  measure- 
ments, and  was  the  largest  furnace  in  use  in  those  days.  It 
proved  successful,  but  its  capacity  was  limited,  to  a  certain 
extent,  because  the  material  could  not  be  delivered  to  it  as  fast 
as  required.  This  was  taken  into  consideration  in  the  new  plant, 
and  the  development  of  reverberatory  furnaces  has  proceeded 
along  progressive  lines,  until  today  the  largest  furnaces  ever 
built  are  in  use  at  the  Washoe  plant. 

The  type  of  converter  selected  for  this  plant  was  one  that 
had  been  tried  at  the  Butte  and  Boston  Smelter,  but  this  was  a 
small  unit  7  feet  in  diameter  and  10  feet  6  inches  in  length. 
Larger  units  were  required,  so  they  were  made  of  the  same  type 
but  8  feet  in  diameter  and  12  feet  6  inches  long. 

The  blast  furnaces  selected  for  the  new  plant  were  of  the 
type  that  had  been  developed  at  Great  Falls,  where  a  great  deal 
of  experimental  work  had  been  done  with  different  sizes  of  fur- 
naces. The  size  finally  adopted  was  a  furnace  56  inches  wide 
and  15  feet  long,  as  that  had  been  found  to  be  the  size  best 
adapted  to  the  work  there. 

Having  all  the  component  parts  of  the  plant  selected,  the 
problem  of  the  engineers  consisted  in  properly  coordinating  these 
units  in  a  logical  arrangement,  and  in  designing  proper  applian- 
ces for  handling  the  materials  to  and  from  the  various  units. 

The  segregation  of  the  different  departments  was  adopted 
because  of  the  magnitude  of  the  operation  to  be  carried  on  in 
the  plant  and  to  provide  room  for  extensions  to  the  different 
departments.  This  policy  has  been  justified  by  the  development 
that  has  taken  place  and  by  the  extensions  and  increase  in  capac- 
ity that  have  occurred  from  time  to  time. 

Segregation  of  units  has  not  been  embodied  to  such  an  extent 
in  the  later  designs  as  was  the  case  in  the  Washoe  plant,  owing 
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to  the  different  conditions  existing  at  the  various  locations,  and 
in  the  ores  to  be  treated. 

Nearly  all  the  large  companies  have,  within  the  past  few 
years,  either  remodeled  their  old  plants  or  built  new  ones. 

Since  the  Washoe  plant  was  built  and  started  in  1902  the 
following  companies  have  built  new  plants,  and  many  of  them 
have  made  extensions  within  the  past  five  years. 

Capacity 
Tons 

Cerro  de  Pasco  Mng.  Co.,  Cerro  de  Pasco,  Peru 2,000 

American  Smelting  &  Ref.  Co.,  Garfield,  Utah 4,500 

American  Smelting  &  Ref.  Co.,  McGill,  Nev 2,500 

American  Smelting  &  Ref.  Co.,  Hayden,  Ariz 800 

International  S.  &  Ref.  Co.,  Tooele,  Utah  1,200 

International  S.  &  Ref.  Co.,  Globe,  Ariz 800 

Calumet  &  Arizona  Mng.  Co.,  Douglas,  Ariz 3,000 

Copper  Queen  Con.  Mng.  Co.,  Douglas,  Ariz 4,000 

Arizona  Copper  Co.,  Clifton,  Ariz «...      800 

United  Verde  Copper  Co.,  Clarkdale,  Ariz 3,000 

Granby  Con.  Mng.  Co.,  Anyox,  B.  C 2,000 

Mason  Valley  Mng.  Co.,  Thompson,  Nev 1,000 

Capacity  is  given  in  tons  of  ore  in  one  day,  and  is  approxi- 
mate only.  The  production  of  copper  is  not  always  in  proportion 
to  the  tonnage  of  ore,  as  some  of  the  plants  treat  concentrates 
only,  or  they  are  a  large  portion  of  what  they  do  treat. 

The  units  in  all  of  these  plants  are  very  similar  to  each  other, 
varying  to  suit  the  conditions  peculiar  to  their  location.  The 
similarity  has  been  made  possible  by  the  exchange  of  information 
among  the  metallurgists  and  engineers  in  charge  of  the  various 
plants.  The  units  are  made  up  in  combinations  to  suit  the  local 
conditions  which  make  each  and  every  plant  a  little  different  from 
the  other.  They  represent,  in  a  measure,  the  ideas  of  the  engi- 
neers and  metallurgists  immediately  in  charge  of  the  work. 
Theirs  is  the  privilege  of  stating  what  they  want  and  the  equip- 
ment they  desire,  and  it  is  the  duty  of  the  engineer  to  whom  they 
delegate  the  work  of  designing  the  plant  to  meet  their  wishes  as 
far  as  may  be  possible  without  seriously  interfering  with  the 
proper  solution  of  the  problem. 

The  time  may  come  when  a  corps  of  specialists  in  all  branches 
of  the  business  may  consult  together  and  determine  what  is  the 
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best  solution  of  the  problem  or  the  best  plan  to  adopt ;  but,  here- 
tofore, the  design  of  the  plant  has  depended  largely  on  the  ideas 
of  the  man  who  is  at  the  head  of  the  enterprise,  either  as  owner 
or  manager.  There  is  no  doubt  that  the  preliminary  work  in  the 
development  of  the  plans  for  a  large  reduction  works  would  be 
slower,  and  possibly  more  expensive,  than  if  one  man  had  the  full 
responsibility;  but  there  is  no  question  that  the  work  would  be 
better  and  the  plant  more  efficient,  if  sufficient  time  were  given 
a  commission  of  experts  to  consider  the  problem  as  a  whole  and 
pass  on  the  merits  of  the  plans  proposed.  The  execution  of  the 
plans  may  well  be  given  to  one  man  who  will  be  the  executive 
head  and  be  responsible  for  the  execution  of  the  plans. 

In  every  modem  plant  there  is  a  sampling  works  for 
the  purpose  of  automatically  sampling  the  ore  as  it  is  received, 
and  a  crushing  department  for  crushing  the  ore  to  sufficient 
fineness  for  treatment  in  a  reverberatory  furnace.  This  sampling 
is  very  necessary,  if  the  recovery  that  is  obtained  in  the  plant  is 
to  be  accurately  determined. 

Belt  conveyors  enter  into  the  transportation  of  ore  between 
the  different  departments.  The  idea  is  to  make  the  handling 
of  the  ore  a  continuous  operation,  wherever  possible,  as  inter- 
mittent handling  of  the  ore  by  means  of  car  systems  requires 
heavy  equipment  and  considerable  handling.  The  ore  to  be 
treated  is  only  handled  in  cars  where  the  necessity  of  transport- 
ing it  long  distances  exists,  or  where  the  material  is  such  that  it 
cannot  be  handled  on  belts  without  excessive  wear  and  tear.  The 
ore  is  transported  from  the  mines  to  the  smelter  in  cars  that  hold 
from  fifty  to  sixty  tons  and  is  unloaded  into  bins,  constructed  of 
steel,  with  proper  divisions  for  keeping  each  class  of  ore  separ- 
ate, as  required.  From  these  bins  the  ore  is  delivered  to  the 
sampling  works  by  means  of  conveyors,  with  30-in.  belts,  to  the 
main  crushers,  where  it  is  crushed  to  about  four-inch  cubes  and  is 
then  conveyed  to  the  top  of  the  sampling  mill.  The  ore  passes 
through  an  automatic  sampling-machine  that  cuts  out  ten  per- 
cent or  more,  as  required,  for  a  sample ;  the  reject  passes  through 
a  revolving  trommel,  or  screen,  and  the  fines  are  taken  out  and 
returned,  by  a  conveying  belt,  to  a  compartment  in  the  storage 
bins  provided  for  that  purpose,  or  to  a  storage  bed  for  fine  mate- 
rial, if  a  bedding  system  is  used.    The  storage  bins  are  provided 
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with  several  compartments,  so  that,  if  necessary,  various  kinds 
of  ore  can  be  kept  separate. 

If  all  the  ore  is  to  be  treated  in  roasters  and  reverberatories, 
it  is  crashed,  in  successive  stages,  until  it  will  pass  a  screen  with 
three-quarter  inch  holes  or  less,  if  required.  If  the  ore  is  to  be 
treated  in  blast  furnaces,  no  further  crushing  is  necessary  after 
the  preliminary  crushing,  and  the  ore  is  delivered  to  storage  bins 
or  beds  by  means  of  conveyors. 

The  ten  percent  that  was  cut  by  the  first  sampler  passes 
through  a  second  crusher  and  the  product  is  then  cut  by  a  second 
sampler,  twenty  per  cent  being  the  sample,  and  the  reject  is 
returned  to  the  storage  bins  or  beds,  as  required.  This  opera- 
tion is  repeated  twice  more,  so  that  for  every  ton  of  material  that 
enters  the  plant,  the  final  sample  that  enters  the  sample  safe  or 
bin  at  the  mill  is  1.6  pounds. 

All  the  smelters  that  have  been  constructed  recently  have 
been  built  as  custom  plants,  so  that  sampling  and  crushing  plants 
are  essential  to  making  the  proper  returns  to  the  shippers ;  and 
they  are  arranged  so  that  the  representatives  of  the  shippers  can 
see  the  sampling  of  the  ore,  and  get  duplicate  samples  if  they  de- 
sire. The  work  is  all  done  by  automatic  machinery,  so  that  the 
results  obtained  are  as  nearly  accurate  as  human  ingenuity  can 
devise,  considering  that  it  must  be  done  economically  and 
efficiently. 

The  ore  is  all  weighed  before  unloading  into  the  receiving 
bins,  and,  as  it  is  returned  to  the  storage  bins  or  beds,  is  weighed 
on  automatic-recording  belt-weighers,  which  register  the  weight 
of  the  ore  to  within  one  half  of  one  percent.  They  are  simply 
used  as  check  weighers,  as  the  material  is  all  weighed  again 
before  going  to  the  furnaces. 

At  the  works  of  the  Calumet  and  Arizona  Mining  Co.  and 
the  Arizona  Copper  Co.,  two  plants  recently  built,  the  ore  must 
all  pass  through  sampling  mills  before  treatment  in  the  furnaces. 
Both  these  plants  are  equipped  with  bedding  plants  that  are  pri- 
marily intended  to  mix  the  ores  in  proper  proportions  for  treat- 
ment in  the  furnaces,  and  at  the  same  time,  to  provide  large 
storage  capacity.  The  Calumet  and  Arizona  Mining  Co.  has 
three  beds  for  fine  ores  for  the  reverberatories  and  three,  of  the 
same  capacity,  for  the  ores  that  are  to  be  treated  in  the  blast 
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furnaces.  The  capacity  of  each  of  the  beds  is  8000  tons.  It  is 
necessary  to  have  three  beds  in  order  that  the  work  may  be  car- 
ried on  continuously,  one  bed  being  reclaimed,  one  completed, 
and  one  filling.  At  the  Arizona  Copper  Co.'s  plant  they  use  re- 
verberatories  only  for  smelting,  and  they  have  only  three  fine- 
beds  of  4000  tons  each. 

The  ore  is  distributed  in  even  layers  on  these  beds  by  Robins 
automatic  ore-bedding  trippers.  These  beds  are  made  up  of 
the  proper  ingredients  to  make  a  uniform  smelting  charge.  By 
this  means  the  metallurgist  can  calculate  accurately,  from  the 
results  obtained  in  the  sampling  mill,  the  amount  and  kind  of 
ores  and  fluxes  that  should  be  put  on  the  beds  in  order  to  provide 
a  proper  smelting  charge. 

When  the  bed  is  partially  completed,  calculations  are  made 
to  determine  what  is  in  the  bed,  and  what  more  may  be  required 
to  make  it  suitable  for  the  furnaces,  and  the  necessary  ingredi- 
ents are  added,  so  that  when  the  bed  is  finally  completed  the  ore 
is  ready  for  delivery  to  the  furnaces.  The  ore  is  reclaimed  by 
means  of  Robins-Messiter  reclaiming  machines,  which  remove 
the  material  simultaneously  from  all  parts  of  the  cross  section 
of  the  bed  and  deliver  it  to  conveyors,  which  carry  the  ore  to 
the  bins  at  the  furnaces. 

The  fine  ore  is  delivered  by  means  of  conveyors  to  the  roast- 
ers, located  in  the  roaster  building.  Above  each  roaster  there  is  a 
steel  bin  that  holds  about  ninety  tons  of  ore,  or  suflScient  for  one 
day's  run  of  the  furnace.  The  ore  is  delivered  into  each  of  these 
hoppers  or  bins  by  conveyors  and  Robins  automatic  trippers. 

In  most  of  the  plans  built  previous  to  1910,  the  car  system 
is  used  for  the  transportation  of  concentrates  or  fine  ores  from 
the  storage  bins  to  the  roasters ;  but  in  the  plants  that  have  been 
built  since  that  time,  belt  conveyors  are  used  for  that  purpose. 
This  permits  a  very  much  more  compact  arrangement  in  the 
plant,  and  the  expense  of  elevating  ore  by  means  of  conveyors  is 
very  small.  In  the  use  of  the  car  system,  it  was  necessary  to 
utilize  a  site  where  gravity  entered  largely  into  the  transporta- 
tion of  material,  but  now,  with  the  use  of  the  conveying  system, 
the  roasting  plant  can  be  located  within  convenient  distance  of 
the  storage  bins  or  beds. 

The  roasters  that  were  installed  at  the  works  of  the  Calumet 
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&  Arizona  Mining  Co.  and  the  Arizona  Copper  Co.  are  air-cooled 
Herreshoflf  furnaces,  21  ft.  6  in.  in  diameter  with  six  roasting 
hearths  and  one  drying  hearth  on  the  top.  The  center  shaft  is 
made  in  sections  and  is  42  in.  in  diameter,  the  outer  shell  of  the 
hollow  shaft  being  cast  iron,  which  supports  an  inner  tube  of 
sheet  steel.  The  cooling  air  is  forced  into  this  inner  tube  from 
the  bottom  of  the  central  shaft,  and  is  at  once  delivered  into  the 
arms  in  multiple.  The  arms  are  cast  with  an  inner  partition, 
which  causes  the  air  to  circulate  through  the  arms  and  out  into 
the  annular  space  between  the  outside  shell  of  the  shaft  and  the 
inner  tube  and  finally  discharge  at  the  top  of  the  center  shaft; 
or  there  are  covers  on  the  cast  shaft  that  can  be  removed,  and  the 
air  will  then  be  discharged  onto  the  lower  hearth,  to  assist  in 
the  combustion  of  the  sulphur  in  the  ore,  if  the  sulphur  is  low 
or  the  combustion  is  slow.  The  air  is  delivered  to  the  furnace 
under  pressure,  and  is  supplied  by  fans  direct  connected  to  elec- 
tric motors.  The  air  is  positively  circulated  through  the  vertical 
center  shaft  and  the  arms. 

The  arms  and  rabbles  are  made  of  cast  iron,  the  rabbles 
being  attached  to  the  arm  by  a  cast  projection  that  fits  into  a 
tapered  groove  on  the  under  side  of  the  arm.  The  projection  on 
the  rabble  is  round,  and  between  each  rabble  there  is  a  filler 
introduced  to  fill  the  space  between  the  projections,  so  that  the 
rabbles  are  maintained  at  a  proper  distance  from  each  other. 
There  is  also  another  projection  cast  on  the  top  of  the  rabble 
that  permits  the  rabbles  to  be  set  at  varying  angles,  so  that  the 
flow  of  the  ore  over  the  hearths  is  of  a  uniform  section. 

At  some  of  the  plants.  Wedge  mechanical  furnaces  are  being 
installed.  At  the  United  Verde  Copper  Co.  's  plant  the  furnaces 
are  21  ft.  6  in.  in  diameter  and  are  air-cooled,  with  the  same 
number  of  hearths  as  in  the  Herreshoff  furnace.  The  principal 
difference  between  the  two  types  of  furnaces  is  in  the  design  of 
the  mechanical  details. 

The  hearths  in  the  Herreshoflf  furnaces  were  built  of  com- 
mon red  brick  of  good  quality,  biit  those  for  the  United  Verde 
Copper  Co.  are  made  of  reinforced  concrete,  and  some  of  the 
furnaces  at  the  Arizona  Copper  Co.'s  plant  have  had  the  brick 
hearths  that  were  first  installed  replaced  with  reinforced  con- 
crete.    The  probabilites  are  that  all  the  furnaces  built  in  the 
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future  will  have  reinforeed-conerete  hearths,  as  they  are  proving 
satisfactory  in  operation. 

The  roasters  make  considerable  flue  dust  as  they  treat  the 
fine  materials  in  the  plant,  and  the  constant  rabbling  or  stirring 
causes  considerable  dusting.  This  is  also  true  with  the  blast  fur- 
naces, due  to  the  fine  material  that  is  in  the  charge  and  the  dis- 
integration of  the  ores.  The  first  extensive  dust  chambers  built 
of  structural  steel  and  brick  were  built  at  the  Washoe  plant,  but 
they  were  of  small  capacity  for  the  amount  of  gases  they  had  to 
handle  and  it  was  soon  found  necessary  to  build  large  flues,  with 
portions  of  the  flues  widened  so  as  to  increase  the  cross  section, 
thus  reducing  the  velocity  of  the  gases.  Dust  chambers  are  now 
built  of  structural  steel,  with  large  cross  sectional  areas  and  with 
either  steel  or  brick  bottoms.  They  are  built  above  the  ground 
so  that  the  dust  can  be  drawn  off  into  cars.  The  dust  chambers 
are  among  the  largest  units  in  the  plant,  and  the  interior  is  filled, 
or  partially  filled,  with  baffle  plates,  or  partitions,  and  wires. 

Considerable  experimental  work  is  being  done  at  different 
places  in  the  use  of  electrical  methods  for  the  precipitation  of 
dust.  The  Cottrell  system  is  being  installed  at  Globe  for  the  pre- 
cipitation of  dust  resulting  from  the  operation  of  the  roasters 
and  converters  in  the  International  plant,  and  also  at  the  Ameri- 
can Smelting  &  Refining  Co.  's  plant  at  Garfield  for  the  precipita- 
tion of  dust  made  by  the  converters. 

In  the  future  a  combination  of  the  two  methods  mav  be  the 
system  adopted,  depending  on  the  success  of  the  Cottrell  system. 
The  large  chamber  is  effective  up  to  a  given  point,  and  is  not 
very  expensive  when  built  as  it  is  at  the  present  time. 

In  connection  with  these  large  flues  and  dust  chambers,  large 
chimneys  are  built  for  the  disposal  of  the  gases  and  to  provide 
the  necessary  draft  for  the  furnaces.  Several  types  of  chimneys 
are  used,  reinforced  concrete,  common  brick,  special  brick,  and 
steel  plate,  lined  with  brick  or  unlined,  depending  on  the  condi- 
tions existing  at  the  different  plants.  Steel-plate  chimneys  have 
a  four-inch  lining  of  common  brick,  supported  on  angle  irons 
about  12  or  14  feet  apart.  They  are  more  economical  in  first  cost 
than  any  of  the  other  types,  with  the  possible  exceptions  of  com- 
mon brick  or  reinforced  concrete  under  certain  conditions.  The 
United  Verde  Copper  Co.  has  a  steel  chimney  with  a  four-inch 
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lining  of  brick,  30  ft.  inside  diameter,  and  400  ft.  high.  The 
chimneys  are  usually  built  close  to  the  dust  chambers,  and  are 
located  so  as  to  serve  the  different  departments  with  minimum 
length  of  flues.  In  some  cases  individual  chimneys  are  built  for 
each  department. 

Smoke  damage  is  a  problem  that  requires  a  great  deal  of 
study  in  the  design  of  modem  smelters,  as  it  is  the  cause  of  a 
great  deal  of  litigation  between  the  companies  and  the  surround- 
ing agricultural  interests.  As  a  rule,  the  smelters  are  so  located 
that  the  damage  from  this  cause  is  provided  for,  either  by  the 
purchase  of  the  surrounding  agricultural  lands,  or  by  the  instal- 
lation of  acid-making  plants,  or  by  building  tall  chimneys  so  as 
to  diffuse  the  gases  over  as  wide  an  area  as  possible.  Most  of 
the  modem  smelters  are  located  where  the  surrounding  country 
has  but  little  value  as  agricultural  land.  The  sulphur  in  these 
gases  may  be  utilized  in  the  near  future  for  making  acid  which 
can  be  used  in  making  fertilizer,  wherever  it  is  commercially 
profitable  to  do  so.  At  some  of  the  smelters  there  may  be  built 
acid  plants  for  the  manufacture  of  sulphuric  acid,  which  will  be 
used  for  leaching  purposes  in  some  of  the  wet  processes  that  may 
prove  commercially  profitable. 

The  improvements  in  the  construction  of  reverberatory  fur- 
naces in  the  past  decade  have  been,  the  increase  in  length  and 
width,  changes  in  the  mechanical  details  of  construction,  the  use 
of  larger  brick  and  heavier  roofs,  the  distribution  of  the  fettling 
material  for  the  preservation  of  the  sides  of  the  furnace,  and 
the  utilization  of  the  waste  gases  from  the  furnaces  for  the  gen- 
eration of  steam.  Direct  coal  firing  in  these  furnaces  is  being 
supplanted  by  the  burning  of  fuel  oil,  wherever  available  in  large 
quantities,  and  where  the  price  compares  favorably  with  coal. 
The  furnaces  that  are  built  at  the  present  time  are  100  ft.  or 
over  in  length  and  from  19  to  24  ft.  in  width.  Where  coal  is  the 
cheaper  fuel,  pulverized  coal  is  used  to  fire  the  furnaces  and 
will  undoubtedly  supplant  the  oil  fuel  now  used  so  extensively. 

Brick  bottoms  have  been  tried  in  some  of  the  large  matting 
furnaces,  but  with  only  a  degree  of  success,  and  the  probabilities 
are  that  they  will  not  be  used  very  extensively,  on  account  of  the 
first  cost  of  a  brick  bottom  and  the  danger  of  losing  the  bottom. 
Silica  bottoms,  as  a  rule,  are  more  economical  and  satisfactory. 
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Still  larger  furnaces  are  projected  with  pulverized  coal  as 
fuel,  furnaces  as  long  as  175  ft.,  with  the  ores  charged  along  the 
sides  of  the  furnace,  and  designed  so  that  there  will  be  a  con- 
tinuous flow  of  slag,  the  same  as  in  blast-furnace  practice. 

Over  fifty  percent  of  the  fuel  value  in  the  coal  or  oil  used  in 
the  modern  furnaces  is  recovered  in  the  waste-heat  boilers  that 
are  installed  with  these  large  furnaces.  They  are  installed  at 
present  with  a  flue  or  combustion  chamber  between  the  furnaces 
and  the  boilers,  so  that  the  gases  can  enter  either  of  the  battery 
of  boilers  from  either  of  the  furnaces,  and  are  so  arranged  that 
either  boiler  can  be  cut  out  of  service. 

The  resulting  economy  from  all  these  improvements  has  been 
largely  instrumental  in  the  wider  application  of  the  reverberatory 
furnace  to  the  treatment  of  ores,  in  recent  years,  and  it  is  quite 
probable  that  blast  furnaces  may  be  dispensed  with  altogether 
in  the  future,  except  where  the  conditions  warrant  their  particu- 
lar use. 

The  improvements  made  in  blast  furnaces  in  recent  years 
have  been  along  the  line  of  increase  in  size,  both  in  width  and 
length.  There  seems  to  be  no  limit  to  the  length  to  which  furnaces 
may  be  built,  other  than  mechanical  limitations ;  they  have  been 
built  up  to  87  ft.  in  length,  and  others  to  7  ft.  in  width,  but  the 
trend  of  furnace  building  indicates  that  a  width  of  four  feet 
and  a  length  of  about  forty  feet  is  a  desirable  size.  Such  a  fur- 
nace will  treat  over  one  thousand  tons  of  charge  in  24  hours.  The 
improvements  in  construction  of  mechanical  details  consist  of 
making  the  jackets  of  a  furnace  in  one  length,  instead  of  in  two 
tiers,  which  was  the  accepted  design  heretofore  for  large  fur- 
naces. The  width  of  the  water  jackets  has  been  reduced,  so  that 
they  may  be  made  strong  like  a  built  up  girder,  and  so  give  added 
strength  to  the  sides  of  the  furnaces.  The  jacket  extends  from 
the  bottom  of  the  crucible  to  the  charging  floor  girders.  They  are 
17  ft.  long  and  3  ft.  4  in.  wide.  Steel  plates  can  now  be  secured 
large  enough  to  make  any  practicable  size  jacket  required,  and 
the  development  of  the  oxy-acetylene  method  of  welding  permits 
the  welding  of  the  corners  of  the  jackets  of  any  thickness  of  steel 
that  may  be  required. 

The  usual  practice,  previous  to  the  past  few  years,  was  to 
build  the  tops  of  the  furnaces  of  structural  steel  and  brick,  but 
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in  the  most  recently  constructed  plants,  the  furnaces  are  built 
with  air-cooled  tops  having  no  brick  work  in  the  tops  of  the  fur- 
naces whatever.  The  only  brick  used  is  in  the  crucibles,  and 
these  are  chrome  brick.  The  superstructure  of  the  Calumet  & 
Arizona  furnaces  is  built  entirely  of  plate  and  structural  steel, 
with  an  air  space  between  the  steel  plates,  arid  provision  made 
for  the  circulation  of  air  at  natural  draft  pressure.  Provision 
is  made  for  the  expansion  and  contraction  of  the  interior  plates, 
so  that  the  top  can  not  be  distorted  due  to  the  heat  of  the  fur- 
nace. The  large  charging  doors  required  on  these  furnaces  are 
built  up  in  the  same  manner.  These  doors  are  over  22  ft.  long 
and  3  ft.  6  in.  high  and  have  shown  no  indication  of  warping  or 
twisting  out  of  shape. 

At  the  United  Verde  Copper  Co.'s  plant  the  tops  of  the 
furnaces  are  built  up  with  a  system  of  air  pipes,  arranged  as  U 
pipes,  through  which  the  air  for  the  furnaces  is  forced,  thus 
utilizing  the  waste  heat  from  the  furnaces  to  heat  the  air  required 
for  the  blast.  The  benefits  derived  from  doing  this  have  not  been 
fully  demonstrated,  but  at  the  old  plant,  it  has  been  done  for  some 
years,  and  it  is  claimed  that  there  is  economy  in  doing  it  that 
way.  Theoretically,  there  should  be  economy  in  doing  it,  but  the 
first  cost  of  the  furnace  is  greater  and  the  repairs  may  be  more, 
due  to  the  added  complication;  and  the  power  cost  may  be 
greater  for  the  air,  due  to  the  increased  friction  in  the  air 
passages. 

There  have  been  some  improvements  made  in  delivering  the 
ores  to  the  blast  furnaces,  and  in  all  the  modem  plants  some 
mechanical  system  is  used  for  delivering  the  ore  rapidly  and 
efficiently  to  the  furnaces.  The  furnaces  have  large  capacity; 
consequently,  the  means  for  feeding  them  must  be  adequate  in 
order  to  get  the  best  results. 

The  charges  are  usually  made  up  at  the  storage  bins,  weighed 
into  scale  hoppers  located  at  the  chutes  of  the  bins,  and  then 
dumped  into  the  charge  cars ;  or  the  charges  are  made  up  from 
the  bins  by  weighing  the  charge  cars  on  the  scales  located  in 
the  tracks  and  then  loading  the  required  amount  of  ore  into  them. 

The  charge  cars  are  hauled  to  the  furnaces  by  electric  loco- 
motives and  the  charge  dumped  into  the  furnaces.  The  bodies 
of  the  cars  are  hinged,  so  that  either  side  may  be  lifted  by  means 
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of  air  hoists  until  the  proper  angle  is  reached  and  the  charge 
slides  into  the  furnaces.  Sometimes  other  types  of  cars  are  used 
in  which  the  bodies  of  the  cars  roll  over  and  dump  the  charge  into 
the  furnaces. 

The  coke  required  for  smelting  is  loaded  in  the  same  manner, 
or  is  delivered  to 'the  charging  platform  of  the  furnaces  in  rail- 
road cars  and  the  coke  unloaded  into  large  buggies  and  charged 
into  the  furnace. 

At  the  Calumet  and  Arizona  plant  the  method  of  charging 
the  furnace  is  new  and  unique.  The  ore  and  coke  bins  are  located 
on  the  charging  floor,  and  above  it,  so  that  the  material  will  drop 
through  openings  in  the  bottom  of  the  bins  into  the  charge  cars. 
These  bins  are  filled  by  means  of  conveyors  from  the  bedding 
system  where  the  ores  have  been  properly  mixed  ready  for  charg- 
ing the  furnaces. 

The  gates  in  the  bottom  of  these  bins  are  air  operated,  and 
so  are  easily  manipulated.  The  large  charge  cars  stand  on  scales 
located  in  the  floor,  and  the  man  who  has  the  work  in  charge 
loads  into,  them  the  ore  or  the  coke,  as  may  be  required.  These 
cars  have  four  compartments,  so  that  the  amount  placed  into  each 
compartment  will  be  the  amount  required  in  the  section  of  the 
furnace  that  it  is  supposed  to  serve.  After  the  car  has  been 
loaded^  it  is  moved  forward  and  dumped  into  the  furnace.  The 
bottom  of  the  car  is  on  a  45°  slope,  so  that  as  soon  as  the  doors 
are  released  by  the  operator,  the  charge  drops  into  the  furnace. 
There  are  four  cars  to  each  40-ft.  furnace  and  they  are  alter- 
nately loaded  with  ore  and  coke.  The  car  is  electrically  propelled. 
There  are  four  large  doors  to  each  furnace  and  they  are  operated 
by  compressed  air. 

Another  imique  feature  in  the  construction  of  these  furnaces 
is  the  method  of  supporting  the  side  and  end  jackets.  The  pres- 
sure on  the  sides  of  these  furnaces  is  considerable  and  they  must 
be  supported  in  a  strong  and  substantial  manner,  and  in  such 
a  way  that  the  jackets  can  be  readily  removed  in  case  of  repairs 
to  the  furnace.  The  side  of  the  furnace  is  supported  by  a  built- 
up  plate  girder  which  becomes  the  lower  side  of  the  bustle  or 
main  air-pipe,  thus  using  a  minimum  of  space  for  supporting 
the  jackets  and  permitting  their  removal  when  necessary  for 
repairs. 
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From  this  heavy  girder,  and  also  from  the  girders  at  the 
top  of  the  furnaces,  screw  jacks  are  provided,  and  they  are 
connected  to  the  top  and  center  of  the  jackets,  the  screw  adjust- 
ment permitting  the  securing  of  the  jackets  in  a  strong  and  sub- 
stantial manner. 

The  resulting  matte  and  slag  from  the  blast  furnaces  flow  to 
large  settlers ;  and  the  slag  flows  out  at  the  top,  in  a  continuous 
stream,  into  ladle  cars  holding  from  20  to  25  tons.  When  the 
cars  are  filled,  they  are  hauled  to  the  dump  by  means  of  electric 
locomotives.  The  slag  from  the  reverberatories  is  skimmed  into 
similar  cars  and  handled  in  the  same  manner.  In  the  modem 
plants,  this  is  the  method  of  handling  the  slag,  with  the  exception 
of  the  plants  that  are  located  near  an  abundant  supply  of  water, 
when  the  slag  is  granulated.  This  method  requires  a  great  deal 
of  height  for  a  slag  dump,  but,  where  the  conditions  are  right, 
is  undoubtedly  the  cheapest;  however,  the  large  slag  car  is  the 
best  solution  of  the  problem  in  most  cases. 

Quite  a  little  experimental  work  has  been  done  in  trying  to 
recover  the  heat  in  the  slag  and  use  it  in  the  generation  of  steam 
or  the  heating  of  air,  but  little  has  been  accomplished  in  a  com- 
mercial way.  A  molten  condition  of  the  slag  is  an  essential 
requirement  in  the  disposal  of  slag  in  large  slag  cars  and  in  the 
economical  building  up  of  a  large  slag  dump,  and  consequent 
economy  of  operations.  "Where  the  converter  plant  is  segregated, 
as  at  the  Washoe  plant,  it  is  necessary  to  transport  the  matte  in 
large  ladle  cars  to  the  converters  and  pour  the  matte  into  them 
by  tilting  the  ladle.  This  method  increases  the  amount  of  skulls 
made,  because  of  the  cooling  of  the  metal  while  in  transit  and  the 
delays  incident  to  the  system.  In  all  the  modern  plants,  the  con- 
verters are  located  in  a  building  adjacent  to  the  furnace  build- 
ings and  served  by  cranes  that  handle  large  cast-steel  ladles  that 
hold  20  tons  of  matte,  into  which  the  matte  is  tapped  directly 
from  the  furnaces.  The  ladles  are  transported  to  the  converters 
by  cranes  and  the  contents  poured  into  the  converters. 

The  improvements  in  the  design  of  converters  have  been 
along  the  line  of  increased  capacity  in  both  types,  cylindrical  and 
vertical,  that  are  most  in  favor  in  the  large  plants.  Cylindrical 
converters  are  built  as  large  as  ten  feet  in  diameter  and  twenty- 
five  to  thirty  feet  in  length,  and  vertical  types  are  built  twenty 
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feet  in  diameter,  with  about  the  same  capacity  of  charge  as  the 
cylindrical  type.  They  are  made  possible  by  the  development  of 
the  improved  linings  used,  and  also  by  the  improvements  in  the 
methods  of  converting. 

Magnesite  brick  are  used  for  the  linings  in  all  the  modem 
plants.  The  brick  are  much  cheaper  now  than  when  the  first 
experimental  work  was  done  along  this  line.  Experiments  with 
this  lining  have  been  conducted  by  different  metallurgists  for 
over  twenty  years,  but  it  is  only  recently  that  it  has  been  made  a 
commercial  success.  The  metallurgy  of  converting  is  far  better 
understood  at  the  present  time,  and  also  the  practical  operation. 

Silicious  ores  are  treated  in  considerable  quantities  in  the 
process  of  converting,  and  the  methods  of  getting  it  to  the  con- 
verters have  been  improved  considerably. 

In  the  most  modem  plants,  bins  are  located  above  the  con- 
verters, into' which  the  ore  is  delivered  by  means  of  conveyors. 
Prom  these  bins,  spouts  deliver  the  ore  directly  into  the  con- 
verters by  gravity.  These  spouts  are  so  arranged  that  when  the 
converters  are  in  operation  they  can  be  moved  out  of  the  way. 
The  ore  is  measured  or  weighed  in  hoppers  located  in  front  of 
the  bins,  and  from  these  hoppers  the  ore  is  spouted  into  the 
converters. 

The  method  adopted,  in  recent  years,  for  handling  the  slag^ 
made  in  the  converters  is  to  pour  the  slag  into  ladles,  which  are 
taken  by  the  overhead  cranes  to  the  reverberatories  into  which 
the  slag  is  poured.  The  reverberatory  is  used  as  a  settling  basin 
for  the  separation  of  the  copper  that  may  be  contained  in  the 
slags.  The  conditions  existing  at  the  different  plants  govern,  in  a 
measure,  the  disposal  of  the  slag.  In  some  plants  the  converter 
slag  is  required  as  a  flux  in  the  blast  furnaces,  in  which  case  the 
slag  is  cast  into  molds  that  are  arranged  on  a  machine — either  a 
circular  table  machine,  like  the  Walker  casting  machine,  or  a 
conveyor  type  machine. 

The  breaking  of  the  ladle  skulls,  in  all  the  older  plants, 
was  always  a  slow  and  laborious  process.  It  was  usually  done  by 
the  crane  lifting  a  drop  weight  to  such  a  height  that  when  it 
was  dropped  on  the  skuU  it  would  break  it  into  pieces  of  the  size 
nei*essary  for  convenient  handling  in  the  blast  furnaces. 

When  the  new  plant  for  the  Calumet  and  Arizona  Mng.  Co. 
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was  designed,  the  engineers  determined  to  develop  some  scheme 
that  would  do  this  work  more  efficiently  and  economically.  After 
working  on  several  schemes,  a  design  was  adopted  in  which  a 
drop-hammer  for  doing  the  work,  was  located  on  a  traveling 
crane.  The  ladle  skulls  are  dumped  on  a  grizzly  made  of  cast 
steel  or  cast  iron  gratings  with  six-inch  or  eight-inch  openings. 
The  skull  is  hammered  until  it  is  broken  into  pieces  small  enough 
to  pass  through  the  openings.  The  machine  is  operated  by  elec- 
tric motors  and  is  known  as  the  McGregor  skull  breaker.  They 
are  being  installed  in  several  of  the  modem  plants,  as  the  machine 
has  demonstrated  its  practicability  and  its  economy. 

The  methods  of  handling  copper,  in  modem  plants,  have 
been  improved  by  handling  the  metal  on  casting  machines.  Two 
types  are  used,  one  a  round  table  machine  of  the  Walker  type  and 
the  other  the  straight-line  conveyor  type  of  machine.  In  nearly 
every  case  a  storage  or  refining  furnace  is  provided,  into  which 
the  copper  is  poured  as  it  comes  from  the  converters.  At  the 
Washoe  works  stationary  furnaces  of  large  capacity  are  used,  but 
in  most  cases  the  furnace  holds  about  seventy-five  tons,  more  or 
less,  and  the  furnace  revolves  through  an  arc  sufficient  to  pour 
the  copper  into  the  molds  or  receiving  ladle.  The  furnaces  are 
provided  with  burners,  in  order  that  the  copper  may  be  kept  hot 
enough  to  pour ;  or,  if  the  larger  furnaces  are  used,  some  refining 
of  the  metal  is  done  in  this  operation.  The  possible  improvements 
in  this  department  will  consist  in  the  improvement  in  details  of 
the  machines  used  and  in  finding  a  metal  that  will  make  satis- 
factory molds. 

There  is  considerable  power  required  in  the  operation  of 
these  modem  plants.  All  forms  of  power  are  used — steam,  oil, 
gas,  and  electric  power.  Power  is  an  important  factor  in  every 
department,  and  each  department  requires  a  great  deal  more 
than  formerly.  While  a  great  deal  more  power  is  required,  yet 
it  is  produced  more  cheaply,  because  it  is  produced  from  the 
waste  heat  from  the  furnaces  or  is  transmitted  from  water-power 
plants  located  some  distance  away. 

Costs  in  modem  plants  have  been  reduced  in  every  depart- 
ment, with  the  result  that  lower-grade  ores  are  being  treated  in 
every  mining  district,  and  deposits  of  ore  that  formerly  were  too 
low-grade  to  treat  are  now  among  the  most  valuable  in  the  world.. 
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The  rapid  progress  and  development  in  mining  and  smelting 
in  modem  times  have  been  due  to  the  general  development  in  all 
the  arts  and  sciences  and  the  increase  in  the  general  intelligence 
of  the  men  who  are  engaged  in  this  class  of  work.  Mechanical 
appliances  have  been  perfected  and  adapted  to  the  problems  of 
handling  materials  in  every  department  and  new  machinery 
invented  to  do  work  that  originally  took  large  numbers  of 
laborers. 

Nearly  all  large  companies  maintain  experimental  and  test- 
ing departments,  in  charge  of  which  are  competent  engineers  and 
metallurgists,  who  are  engaged  constantly  in  the  development  of 
new  processes  and  perfecting  the  old  ones  that  are  used  in  the 
treatment  of  ores  and  in  the  conservation  of  the  values  that  were 
previously  wasted. 
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DISCUSSION 

Mr.  L.  D.  Bicketts,*  Mem.  Am.  Inst.  M.  E.,  spoke  approvingly  of  the  Hr. 
narrow  water  jackets,  and,  in  this  connection,  commended  the  work  of  the  Bicketta. 
late  Charles  Selby,  who  introduced  this  and  many  other  improvements  into 
copper  smelting.  He  also  raised  the  question  as  to  proper  material  for 
copper  moulds.  On  the  whole,  he  considered  the  copper  mould  as  at 
present  in  use  to  be  the  best,  although  it  might  be  possible  to  develop  a 
cast-iron  mould  which  would  give  satisfactory  service. 

Prof.  E.  D.  Peters,*  Mem.  Am.  Inst.  M.  E.,  said  that  there  are  a   Prof, 
few  men  left  who  were  smelting  copper  ores  in  the  reverberatory  fur-  Pe*«"- 
nace  between  1870  and  1880,  and  it  may  be  instructive  to  consider  for  a 
moment  why  they  were  unable  to  smelt,  on  an  average,  more  than  10  to  12 
tons  of  ore  per  furnace  in  24  hours. 

He  thought  that  if  a  young  reverberatory  foreman  of  the  present  day 
could  be  set  down  suddenly  in  a  similar  plant  of  45  years  ago,  the  first 
and  most  striking  impression  that  he  would  receive  would  be  that  the 
furnaces  were  not  constructed  to  produce  a  sufficiently  high  temperature 
for  rapid  smelting. 

This  resulted  mainly  from  the  fact  that  the  fuel  was  not  burned 
with  sufficient  rapidity  and  regularity,  and  the  process  was  not  con- 
ducted in  a  manner  to  avoid  the  frequent  admission  of  cold  air  to  the- 
hearth. 

He  did  not  think  that  this  faulty  and  extravagant  method  of  smelting 
arose  entirely  from  the  fact  that  they  were  ignorant  of  the  enormous 
advantage  to  be  derived  from  generating  and  maintaining  a  temperature 
in  the  hearth  far  above  the  actual  melting  point  of  the  ore.  On  the 
contrary,  he  had  heard  this  matter  emphasized  over  and  over  again,  at 
that  period,  at  meetings  of  metallurgists.     It  was  rather  that  the  con- 
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Prof.  BtructioD  and  managemeiit  of  the  furnaces  were  sacfa  that  they  could  not 
Peierg.  gtaud  a  long-Continued  intenBe  heat,  and  that  the  floating-up  of  layers 
of  the  hearth  or  the  bursting  of  matte  through  the  side-walls  was  prettjr 
certain  to  follow  any  systematie  attempt  to  maintain  a  large  body  of 
matte  upon  the  hearth,  or  to  run  the  furnace  long  at  what  was  then 
considered  to  be  an  excessive  temperature. 

These  accidents  resulted  almost  entirely  from  the  undercutting  of 
the  lining  walls  of  the  hearth — and  especially  of  the  bridge-wall — by 
the  slag,  and  the  consequent  penetration  of  the  matte  into  the  side- 
walls  and  beneath  the  hearth.  This  undereutting  of  the  walla  was  con- 
stant and  serious  in  the  majority  of  furnaces,  demanding  a  careful 
fettling  after  each  second  or  third  charge,  and  often  after  every  charge. 

According  to  his  own  experience,  this  rapid  cutting  resulted  mainly 
from  three  canses,  which  be  named  in  the  order  of  their  importance; 

1.  The  absence  of  a  thick  protecting  layer  of  silicious  ore  main- 
tained at  this  vulnerable  point  where  hearth  and  lining  walls  join. 

2.  The  unsuitable  character  of  the  fire-brick  then  employed. 

3.  The  imperfect  mixing  of  the  constituents  of  the  ore  charge. 

The  third  point  is  the  only  one  requiring  explanation. 

The  Rax  tot  the  all-too-abundant  silica  of  the  charge  usually  consisted 
then,  as  it  does  now,  of  roasted  pyrites.  Beverberatories  were  usually 
charged  by  sboveling  the  material  into  side  doors — an  operation  which, 
even  when  performed  by  four  or  six  skilled  men,  cooled  the  furnace  bo 
seriously  that  at  least  ODe  hour  of  steady  firing  was  required  to  restore 
the  temperature  even  to  the  very  moderate  point  at  which  it  stood  at 
the  beginning  of  the  charging. 

The  various  constituents  of  the  charge  were  weighed  in  wheel- 
barrows and  were  dumped  in  a  heap  upon  the  charging  plate  below  the 
furnace  door.  In  the  majority  of  cases  with  which  he  was  familiar  no 
further  mixing  of  these  separate  constituents  was  undertaken,  excepting 
such  as  resulted  from  shoveling  the  heap  into  the  furnace.* 

The  consequence  of  this  careless  system  of  charging  was  that  when 
the  different  constituents  reached  their  final  resting  place  upon  the 
hearth,  Ihey  were  often  segregated  to  a  marked  degree.  An  area  of 
highly  silicious  ore  might  occupy  one  spot,  while  a  large  patch  of  almost 
pure  roasted  pyrite  would  be  lying  beside  it.  This  produced  extremely 
bad  results,  because  the  silicious  area  required  abnormally  long  firing 
and  high  heating  before  it  would  liquify  at  all,  while  the  iron  oxide 
area  melted  with  greut  ease  and,  finding  itself  in  need  of  silica, 
naturally  took  up  this  Hiibstance  from  the  nearest  source.  This  source 
wns.  at   times,   the   hearth  itself;   at  other   times,   the  fettling  that   pro- 

■  At  the  BoBton  &  Colorado  Works  Ht  Black  Ilnwk,  Colorada,   great  paina  irere 
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tected  the  side- walls;  but,  whichever  it  was,  the  result  was  disastrous    Prof, 
to  the  fumaee.  Peters. 

Propinquity  is  essential  to  the  union  of  an  acid  with  a  base,  and 
the  more  thoroughly  this  propinquity  can  be  effected  before  the  oper- 
ation of  smelting  is  begun,  the  more  rapidly  will  the  latter  proceed. 

Such  an  obviously  shiftless  way  of  managing  a  furnace  will  seem 
incredible  at  the  present  day;  but,  at  the  time  to  which  he  referred,  the 
superintendent  of  the  plant  usually  had  little  or  no  practical  knowledge 
of  smelting,  was  often  also  the  mine  manager,  and  was  fortunate  if  he 
did  not  have  to  do  his  own  assaying  and  chemical  work.  The  manage- 
ment of  the  smelting  operation  was  usually  left  in  the  hands  of  Welsh 
smelters,  who,  although  excellent  furnacemen  in  many  particulars,  were 
singularly  unwilling  to  swerve  at  all  from  the  practice  that  they  had 
learned  at  home,  however  unsuited  to  American  conditions  these  ways 
might  be. 

The  conditions  that  he  enumerated  caused  rapid  erosion  of  the 
thin  fettling.  This  demanded  constant  attention  and  frequent  renewal 
at  peril  of  serious  mishap,  and  this  meant  frequent  and  long-continued 
cooling. 

In  1875  he  made  as  careful  an  estimate  as  circumstances  would  per- 
mit of  the  proportion  of  time  during  which  the  temperature  upon  the 
hearth  (not  in  the  space  above  the  fire-bridge)  equaUed  or  exceeded 
the  average  smelting  point  of  the  charge.  This  determination  embraced 
several  European  furnaces  and  a  number  of  American  ones,  and  included 
two  under  my  own  charge.  The  result  indicated  that  an  actual  smelting 
temperature  existed  considerably  less  than  one  fourth  of  the  time;  thus 
a  reverbatory  of  that  period  expended  three  fourths  of  its  time  and 
fuel  in  recovering  lost  heat  and  in  getting  ready  to  smelt. 

The  .great  improvement  initiated  by  Pearce  at  the  Boston  &  Colorado 
smelter,  and  later  expanded  by  the  Butte  metallurgists,  proved  that  a 
furnace  could  be  constructed  and  protected  in  such  a  manner  as  to 
furnish  great  size  of  hearth,  a  solid  junction  independent  of  frequent 
fettling  between  lining  and  bottom,  a  roof  and  sides  of  silica  brick 
capable  of  withstanding  continuous  high  heat,  and  a  permanently  hot 
bottom  uncooled  by  any  air  vault. 

Under  Mathewson  and  his  able  foremen  the  Anaconda  Company 
pushed  these  improvements  with  great  rapidity  and  success  and,  in  con- 
junction with  other  metallurgists  whose  work  must  not  be  ignored,  soon 
learned  how  to  reap  full  advantage  from  the  logical  effects  of  these 
beneficent  changes. 

Prof.  Peters  felt  that  the  modem  practice  is  too  familiar  to  all  to 
warrant  detailed  mention  in  this  brief  review. 

The  older  metallurgist  had  no  encouragement  to  strive  toward  con- 
tinnous  work  in  the  reverberatory,  because  the  furnace  simply  would  not 
stand  a  long-continued  uninterrupted  heat  much  above  the  fusion-point 
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Prof,    of   the  ore.     It   needed   the   frequent   cooling   periods   to   maintain   the 
Peters,  integrity  of  its  structure. 

When  this  integrity  became  guaranteed,  there  followed  logically  the 
series  of  improvements  by  which  this  continuous  high  heat  was  pro- 
duced and  maintained,  namely:  an  uncooled  hearth,  the  charging  of  hot 
ore,  the  retention  of  a  great  body  of  matte  and  slag  in  the  furnace,  the 
abolition  of  cold  air  from  hearth  and  fire-box,  the  cleansing  of  grate  and 
removal  of  fused  products  without  interruption  of  the  smelting  operation, 
and  many  other  advances. 

There  remained  one  fatal  defect  in  the  reverberatory  process  as 
compared  with  its  rival — the  blast  furnace.  It  is  necessary  to  allow 
the  gases  to  escape  from  the  hearth  at  a  temperature  not  too  far  below 
the  melting  point  of  the  slag.  This  enormous  waste  of  heat  has  been 
obviated  by  employing  these  waste  gases  for  the  generation  of  steam, 
and  30  to  50  percent  of  the  original  calorific  value  of  the  fuel  is  now 
utilized  in  this  manner.  The  employment  of  pulverized  coal  as  fuel  is 
the  latest  radical  improvement  in  this  type  of  smelting,  and  its  economy 
has  been  demonstrated  beyond  all  doubt. 

It  is  obvious  that,  without  modern  appliances  and  methods,  it  would 
be  impossible  to  convey  and  remove  the  enormous  amount  of  ore  and 
melted  products  that  belong  with  the  furnace  practice  of  today. 

Speaking  roughly,  we  smelt  today  500-ton  charges  per  24  hours  on  a 
reverberatory  hearth  having  an  effective  area  of  1800  square  feet.  This 
is  at  the  rate  of  555  pounds  per  square  foot.  In  1874  Prof.  Peters  thought 
he  was  doing  remarkably  well  when  he  smelted  12  tons  per  day  on  a  hearth 
area  of  112  square  feet,  or  215  pounds  per  square  foot. 

In  1874,  it  required  about  one  man-shift  to  four  tons  of  ore  smelted; 
at  present,  he  believes  that  at  least  25  tons  per  man-shift  is  reached. 

His  thesis  is  that  it  is  improvement  in  the  construction  of  the  furnace 
that  has  made  these  results  possible. 
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INTEODUCTION. 

Hydrometallurgical  methods  of  extracting  copper  and  asso- 
ciated precious  metals  from  ore  have  received  material  impetus 
during  the  past  few  years  through  experimental  work  carried 
out  under  the  auspices  of  large  American  copper  companies. 
The  more  progressive  of  these  corporations,  realizing  benefits  to 
be  derived  from  free  discussion  of  the  problems  involved,  have 
permitted  detail  accounts  of  their  operations  to  be  given  out,  and 
a  number  of  articles  broadly  covering  the  field  have  recently 
appeared  in  technical  publications. 

A  list  of  the  companies  which  have  been  investigating 
adaptability  of  leaching  methods  to  their  ore,  and  intermediate 
products,  would  include  practically  all  the  large  operating  cop- 
per companies!  in  this  country,  and  many  smaller  ones,  and  net 
results  have  been  that  several  large  copper-leaching  plants  are  in 
course  of  construction,  while  some  are  already  in  operation. 

This  paper  has  been  prepared  with  the  object  of  correlating 
some  of  the  important  data  obtained  through  recent  experimen- 
tation, and  of  indicating  sources  from  which  additional  details 
may  be  had.  Space  does  not  permit  describing,  or  even  mention- 
ing, all  the  leaching  processes  proposed  or  still  in  the  experi- 
mental stage. 

It  is  a  weU  recognized  fact  that  the  treatment  of  ore  at  each 
mine,  or  in  each  mining  district,  presents  a  problem  in  itself. 
Furthermore,  the  ores  from  different  mines,  even  in  the  same 
district,  often  disclose  individualities  which  require  modifica- 
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tion  of  the  treatment  accorded  them.  There  are  few  metallurgi- 
-cal  processes  which  are  applicable  without  alterations  to  all  ore, 
even  when  it  is  of  the  same  general  class.  Until  local  conditionsr 
have  been  studied  it  is  impossible  to  say  which  method,  or  com- 
'bination  of  methods,  of  recovery  will  prove  to  be  most  economical 
in  a  given  case.  A  process  which  has  been  found  satisfactory  in 
one  locality  may  not  be  adaptable  in  another  until  essentially 
Altered  to  meet  new  conditions.  An  apparently  unimportant 
■difference  in  composition  of  an  ore,  or  in  local  economic  condi- 
tions, may  vitally  influence  the  outcome.  The  matter  of  ore- 
treatment,  at  any  mine,  should  be  approached  without  predilec- 
tion for  any  particular  method  of  reduction,  and  the  factors 
which  enter  into  the  problem  should  all  be  carefully  weighed,  if 
a  decision  is  to  be  reached  that  will  be  fair  to  the  particular  case 
under  consideration. 

Acquiring  knowledge  through  experimentation  is  usually 
expensive,  and  the  great  importance,  to  mining  interests  in  gen- 
eral,  of  the  free  distribution  of  valuable  data  by  American  min- 
ing companies  is  apparent.  The  metallurgical  information  made 
Available  in  this  way,  supplemented  by  that  supplied  from  the 
research  laboratories  of  Europe,  has  reduced  necessity  for  long 
and  costly  experimentation  on  part  of  those  seeking  information 
as  to  ore-treatment  in  specific  cases.  It  is  now  possible  to  avoid 
useless  duplication  of  experiments,  and  to  reach  conclusions 
promptly  without  incurring  heavy  expense. 

Much  data  of  value,  unfortunately  often  embryonic,  can 
also  be  culled  from  patent  specifications.  It  is  instructive  to 
learn  what  has  been  attempted,  even  if  the  hopes  of  sanguine 
projectors  of  numerous  schemes  were  not  realized.  At  the  pres- 
ent day  there  is  rarely  any  excuse  for  the  costly  metallurgical 
failures  which  formerly  characterized  application  of  the  art,  and 
where  such  occur,  the  cause  is  usually  due  to  disregard  of  well- 
established  facts. 

Leaching  is  not  a  panacea  for  the  woes  of  the  mine  owner 
who  has  ore  that  assays  well  but  which  he  has  learned  through 
'experience  cannot  be  handled  profitably  by  methods  of  reduc- 
tion which  may  have  been  tried.  If  such  an  ore  cannot  be 
shipped  to  some  metallurgical  center  and  made  to  yield  some- 
thing above  the  expense  entailed  in  taking  it  out  and  shipping 
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it,  and  if  familiar  methods  of  ore-treatment  have  been  found 
disappointing,  it  may  be  sometimes  of  advantage  to  investigate 
possibilities  with  regard  to  leaching  it.  Leaching  methods  have 
in  some  instances  solved  the  problem  of  extracting  valuable 
metals  from  immense  quantities  of  material  which  until  recently 
lay  unproductive.  As  illustrating  this  point  the  case  at  Chu- 
quieamata  (Chile)  may  be  cited,  where  200,000,000  tons*  of  ore 
have  been  developed,  assaying  about  two  percent  copper,  for 
handling  which  a  leaching  plant  of  10,000  tons  daily  capacity  is 
nearing  completion.  The  existence  of  this  ore-body  has  long 
been  known;  but  antecedent  to  experimentation  with  leaching 
methods,  all  attempts  at  profitable  exploitation  of  these  deposits 
proved  unavailing,  as  shown  by  the  fact  that  this  great  body  of 
ore  has  remained  practically  untouched  for  many  years. 

Another  instance  of  intelligent  application  of  leaching 
methods  to  ore  reduction  is  found  at  Anaconda,  where  mill-sand 
assaying  on  the  average  0.6  percent  copper,  and  half  an  ounce 
silver  per  ton,  has  finally  been  successfully  treated  by  lixiviation. 
The  first  unit  (2000  tons  daily  capacity)  of  a  large  leaching 
plant  is  under  construction  at  this  point. 

The  Calumet  &  Hecla  Company  of  Michigan  is  building  a 
4000-ton  leaching  plant  to  treat  tailing  carrying  about  0.5  per- 
cent copper. 

There  are  many  others  experimenting,  building,  or  operat- 
ing, so  that  the  outlook  appears  very  encouraging  for  the  appli- 
cation of  leaching  methods  to  extraction  of  copper  and  inter- 
mediate products  from  suitable  ore. 

In  investigating  adaptability  of  lixiviation  to  any  particu- 
lar ore,  it  is  necessary  to  examine  carefully  into  character  of  ore, 
water  supply,  cost  of  power  and  fuel,  and  of  substances  available 
as  lixiviants  and  precipitating  agents,  to  ascertain  whether  or  not 
leaching  is  at  all  practicable  in  the  premises.  Some  common 
errors  may  be  considered  as  not  calling  for  experimental  investi- 
gation, among  which  might  be  mentioned  the  use  of  acid  lixi- 
viants with  ore  carrying  large  quantities  of  calcium  carbonate, 
and  employment  of  electric  current  for  deposition  of  copper  from 
solutions  the  nature  of  which  is  manifestly  unsuitable  for  elec- 

•  The   ton  used   in   this  paper   refers   to    the   short   ton   of   2000   lb. 
(=  907.2  kilograms) 
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trolysis  or  in  localities  where  power  is  expensive.  The  appear- 
ance of  calcium  oxide  in  the  general  analysis  of  an  ore  is  of 
itself  not  a  determining  factor;  for  that  base  may  be  so  com- 
bined as  not  to  be  attacked  by  the  lixiviant  employed. 

Any  ore  may  be  leached  with  the  help  of  chemicals  in  a  lab- 
oratory; still,  for  several  reasons  the  method  employed  experi- 
mentally may  not  be  practical  in  the  field.  The  cost  of  neces- 
sary chemicals  may  be  prohibitive,  or  suitable  apparatus  in 
which  to  carry  out  required  operations  may  be  unattainable,  or 
the  proposed  process  may  be  so  complicated  as  to  preclude  pos- 
sibility of  financial  success  from  the  start,  etc.  As  in  most  cases 
of  prospective  leaching,  only  low-grade  ore  comes  under  investi- 
gation; two  features  essential  to  success  should  never  be  lost 
sight  of :  the  process  must  be  made  as  simple  as  possible,  and  a 
sufficient  quantity  of  material  must  be  handled  daily  to  permit 
of  a  profit  which  will  adequately  cover  all  expense  entailed  in  its 
treatment.  Due  regard  for  simplicity  of  operation,  and  tonnage, 
are  prime  factors  in  successful  leaching  operations. 

OEE  SUITABLE  FOE  LEACHING. 

With  regard  to  the  amenability  of  copper  ore  to  leaching 
methods,  the  field  is  not  a  restricted  one.  Mr.  Stuart  Croasdale* 
has  shown  what  can  be  done  with  the  porphyritic  ore  of  the 
Southwest  carrying  1.45  percent  copper  and  negligible  quanti- 
ties of  the  precious  metals.  When  crushed  to  pass  2-mesh  screen, 
an  acid  lixiviant  extracted  about  78  percent  of  the  copper  from 
this  ore.  An  analysis  of  the  ore  treated  is  given  by  Mr.  Croas- 
dale,  as  follows: 

Analysis  of  Leaching  Ore  ftom  A  jo. 

SiO,  63.29% 

Fe  4.20  ' ' 

ALO,  14.30  " 

CaO  (soluble  in  acid) 0.90*' 


*  *  *  Leaching  Experiments  on  the  A  jo  Ores '  *,  Transactions  of  the 
American  Institute  of  Mining  Engineers,  Salt  Lake  meeting,  August,  1914. 
All  data  referring  to  Ajo  contained  in  the  following  pages  are  derived 
from  Mr.  Croasdale*s  paper. 
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MgO    0.80% 

MnO   0.14  * ' 

S  (total)   0.27  *' 

S  (as  sulphate)  0.10'* 

Cu  (total) 1.45  " 

Cu  (soluble  in  10%  H,SO,) 1.32** 

CO,   1.26 


it 


iC 


Au  . 0.01  oz. 

Ag 0.18  oz. 


At  the  leaching  plant  of  the  Butte-Duluth  Mining  Co.  a 
decomposed  granite'*  carrying  copper  silicates  and  carbonates, 
with  some  cuprite  (total  copper  about  two  percent),  is  being 
leached  on  a  commercial  scale.  Incidentally  it  might  be  men- 
tioned that  in  leaching  crude  cupriferous  ore  containing  cuprite, 
using  dilute  sulphuric  acid  solution,  only  half  of  the  copper  can 
be  extracted  from  the  cuprite,  because,  under  such  conditions, 
CugO  falls  into  CuO  and  Cu,  and  metallic  copper  is  not  attacked 
by  dilute  sulphuric  acid.  However,  this  mineral  is  dissolved  by 
ferric  salts,  and  as  these  are  usually  formed  when  iron  is  present 
in  an  ore,  the  copper  may  be  recovered  in  this  way. 

Throughout  the  Western  States,  and  Mexico,  there  are  a 
number  of  gametiferous  copper-ore  deposits.  Often  the  copper 
in  these  is  oxidized  to  some  extent,  and  the  heavy  garnet  gangue 
makes  them  difficult  to  treat  by  mechanical  concentration.  Such 
material,  assaying  about  two  percent  copper  and  carrying  con- 
siderable calcium  oxide,  may  be  readily  percolated  with  sulph- 
uric acid  solutions,  and  an  extraction  effected  of  over  seventy 
percent  of  the  copper  content  when  reduced  to  4-mesh.  If 
ground  to  16-mesh  and  agitated,  eighty  odd  percent  can  be 
easily  attained. 

Mention  was  made  above  of  the  mill-sand  successfully  lixi- 
viated at  Anaconda.  An  analysis  of  this  tailing  is  given  by  Mr. 
Frederick  Laist.* 


« i  t 


Roasting  and  Leaching  Tailings  at  Anaconda,  Mont.",  Transac- 
tions of  the  American  Institute  of  Mining  Engineers,  Vol.  XL VI,  page 
375.  Wherever  reference  is  made  to  Anaconda  in  the  following  pages 
the  data  have  been  obtained  from  the  above  mentioned  paper,  or  from  the 
papers  presented  at  the  Salt  Lake  meeting  of  the  Institute  in  August, 
1914,  by  Messrs.  Laist,  Frick  and  Aldrich. 
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Analysis  of  the  Tailing  Treated  at  Anaconda. 

Cu   0.6% 

SiO, 82.2 '' 

Fe  «     1.9  '  * 

S   2.2  ' ' 

AUO3  «    9.4  ' ' 

CaO  0.6  '  * 

96.9% 

Ag  0.55  oz. 

Au  0.00202. 

Moisture  about  5% 

Successful  treatment  of  the  cupriferous  granodiorite  of 
Chile  has  also  been  referred  to,  and  will  be  enlarged  upon  further 
down. 

The  most  desirable  ore  to  lixiviate  is  one  containing  copper 
mineralized  as  carbonate,  with  a  silicious  gangue.  Where  cop- 
per is  mineralized  as  sulphide  it  can  be  oxidized  by  roasting,  un- 
less cost  of  fuel  is  prohibitive ;  and  for  leaching  purposes,  roasted 
material  presents  advantages  over  crude  ore  in  most  instances. 

The  suitability  of  leaching  methods  for  copper  mineralized 
as  silicate  has  been  the  subject  of  some  controversy.  The  cause 
of  differences  of  opinion  on  this  head  is  probably  due  to  con- 
fusion as  to  what  constitutes  silicate  of  copper  (chrysocoUa). 
Much  green  copper-mineral  exists  which  is  too  complex  for  accu- 
rate mineralogical  identification  and  yet  carries  the  metal  com- 
bined with  silica.  Sometimes  the  mineral  appears  to  be  a  mix- 
ture of  different  combinations  of  copper  and  silica,  which  vary  in 
color  from  pale  green  into  many  shades  of  blue.  Again  copper 
silicates  are  found  mixed  with  the  carbonates,  such  ore  being  re- 
ferred to  in  common  parlance  as  **  carbonates ' '.  Copper  silicate 
is  stated,  by  some,  to  be  practically  insoluble  in  dilute  sulphuric 
acid,  even  a  ten  percent  acid  solution  is  said  to  have  little  effect 
upon  it.  Others  report  trouble  in  leaching  copper  silicate  ore 
owing  to  formation  of  gelatinous  silica,  and  soluble  silica  is  said 
to  have  interfered  with  the  deposition  of  electrolytic  copper 
through  precipitation  on  the  electrodes.  Evidently  different 
combinations  of  copper  and  silica  were  subjected  to  investiga- 
tion by  the  respective  observers.     Green  stains  on  or  through 
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silicious  material  such  as  sandstone,  or  other  absorbent  or  porous 
forms  of  silica,  have  been  found  to  contain  no  carbonic  acid,  and 
produced  no  soluble  silica  such  as  would  interfere  with  elec- 
trolysis. In  one  case  such  an  ore,  which  carried  fourteen  per- 
cent copper,  though  neither  carbonate  nor  sulphate  was  in  evi- 
dence, was  readily  leached  by  either  hydrochloric  or  sulphuric 
acids  without  formation  of  soluble  silica.  Such  material  is,  of 
course,  very  suitable  for  leaching. 

Probably  much  of  the  greenish-blue  ore  which  occurs  so  pro- 
fusely in  the  upper  portions  of  copper  mines  is  the  basic  sulphate 
of  copper  (brochantite).  Lindgren*  writes:  '*It  is  believed 
that  a  careful  examination  of  many  so-called  malachites  from 
other  districts  will  disclose  the  overlooked  importance  of  broch- 
antite as  a  copper  ore.  •  •  •  On  the  whole  the  mineral  is 
most  abundant  in  fissure  veins  in  porphyry,  though  also  occurr- 
ing in  the  irregular  deposits  in  limestone'*.  Mr.  Lindgren  was 
writing  of  the  Clifton  District  (Arizona).  At  Chuquicamata, 
brochantite  is  the  principal  copper  mineralization. 

It  is  not  surprising,  therefore,  that  variance  of  opinion 
should  exist  with  regard  to  the  leaching  qualities  of  the  greenish- 
blue  copper  ore-bodies  of  such  diverse  mineralization.  The  ore 
being  leached  at  the  Butte- Duluth  Copper  Company's  plant  is 
saidf  to  contain  copper  mineralized  as  silicate  as  its  principal 
copper  constituent,  and  no  diflSculty  is  found  in  dissolving  out 
eighty  odd  percent  of  that  metal.  Also  the  silicate  of  copper 
leached  at  the  Steptoe  works  (Nevada)  J  is  readily  soluble  in  sul- 
phuric acid  lixiviant.  After  a  study  of  the  data  available  from 
a  number  of  sources  relative  to  the  leaching  qualities  of  copper 
silicates,  it  becomes  apparent  that  combinations  of  copper  and 
silica  exist  which  have  proven  resistant  to  some  extent  to  the 
action  of  sulphuric  acid  under  the  conditions  of  its  application  ; 
but  for  the  most  part,  such  combinations  may  be  easily  decom- 
posed by  suitable  lixiviants. 

•  Professional  Paper  No.  43,  page  119,  IT.  S.  Geological  Siir\ey. 

t  C.  S.  Herzig  in  Bulletin  of  the  Institute  of  Mining  and  Metallurgy, 
May,  1914. 

t  Transactions  of  the  American  Institute  of  Mining  Engineers,  Salt 
Lake  meeting,  1914. 
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CHOICE  OF  LIXIVIANTS. 

Many  lixiviants  have  been  proposed  for  leaching  copper  ore, 
and  these  have  been  tested — at  least  in  laboratories.  However, 
the  choice  of  the  operating  companies  seems  to  have  narrowed 
down  to  the  use  of  sulphuric  acid,  wherever  calcium  carbonate 
does  not  interfere.  This  apparent  restriction  in  the  selection  of 
a  lixiviant  may  be  reconsidered  when  more  experience  has  been 
gained.  A  strong  acid  solvent  acts  not  only  on  the  copper,  but 
also  carries  a  number  of  other  elements  into  the  solutions,  with 
attendant  disadvantages.  It  would  seem  more  to  the  purpose, 
when  character  of  the  ore  permits,  to  employ  reagents  which 
exercise  a  selective  action. 

At  Anaconda,  where  the  mill-sand  is  roasted,  salt  (NaCl)  is 
added  to  the  lixiviant  for  extracting  silver,  and  to  improve  re- 
covery of  copper;  but  even  there  sulphuric  acid  is  the  basis  of 
the  solvent  solution. 

Lixiviants  containing  chlorine  in  different  forms  have  been 
repeatedly  tried,  but  they  have  never  proved  satisfactory.  The 
Hoepfner  process  is  probably  the  best  known  of  the  chlorine 
methods.  It  has  been  tested  at  several  places  on  a  working 
scale,  but  subsequently  abandoned.  It  has  been  often  described 
in  the  technical  press. 

Another  attractive  chlorine  process  was  developed  by  Froe- 
lich,*  but  it  also  seems  to  have  met  with  no  commercial  success. 
Many  other  processes  based  on  the  solvent  power  of  chlorine,  free 
or  combined  with  other  elements,  have  from  time  to  time  ap- 
peared; but  as  far  as  known  none  have  been  adopted  commer- 
cially. Mr.  John  D.  Fields  who  has  been  connected  with  several 
copper-leaching  operations,  writes  if  '*It  may  be  accepted  as  a 
foregone  conclusion  that  the  failure  of  all  processes,  designed  to 
precipitate  electrolytically,  that  involve  chlorine  as  a  factor  in 
the  leaching  of  ores  containing  considerable  amounts  of  alumina, 
soda  or  potash,  or  the  introduction  of  sodium  into  the  pulp  dur- 
ing the  process  of  treatment,  no  matter  how  interesting  they  are 
from  an  experimental  standpoint,  is  sure". 

As  sulphuric  acid  enters  so  largely  as  a  factor  into  leaching 

**' Metallurgies',  1908,  pp.  206-209. 

t  Engineering  and  Mining  Journal,  Jan.  3,  1914,  page  32. 
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operations  in  the  present  state  of  the  art,  the  cost  of  this  com- 
modity is  of  interest  when  making  an  estimate  of  the  probable 
expense  of  treating  a  given  ore.  It  is  important  that  all  refer- 
ence to  acid  consumed  or  used  in  lixiviation  should  be  made  in 
terms  of  HjSO^  and  not  of  commercial  acid,  because  there  are 
several  grades  of  acid  on  the  market,  and  confusion  arises  from 
this  source  as  to  the  precise  quantity  of  actual  HjSO^  used  per 
pound  copper  produced.  Roughly  speaking,  it  will  require  fifty 
percent  more  53**  B.  acid  to  produce  the  same  results  as  when 
66**  acid  is  used,  and  25  percent  more  60°  acid. 

In  th6  vicinity  of  smelting  works  sulphuric  acid  can  prob- 
ably be  had  at  moderate  cost — $3.00  has  been  mentioned  as  the 
estimated  expense  of  producing  it  at  Anaconda.  At  the  Butte- 
Duluth  plant  it  was  estimated  that  acid  could  be  manufactured 
on  the  ground  for  $4.00  per  ton,  but  at  the  time  of  the  writer's 
visit  to  those  works  the  acid  used  was  costing  $27.00  per  ton 
delivered  at  the  mill. 

At  Clifton  (Arizona),  where  leaching  copper  has  been  car- 
ried on  for  a  number  of  years,  and  where  the  company  has  its 
own  acid  chambers  and  mines  its  own  ore,  the  acid  is  said  to  cost 
about  $10.00  per  ton.  A  small  leaching  plant  near  Luning 
(Nevada),  situated  four  miles  from  a  railroad,  had  to  pay  $33.00 
per  ton  for  its  acid. 

It  is  not  necessary  to  purchase  high-grade  commercial  acid 
for  leaching  purposes  when  sulphide  ore  is  attainable  in  the 
vicinity  of  the  leaching  plant,  because  there  are  several  ways  of 
condensing  roaster  gases  and  of  converting  the  sulphur  dioxide 
contained  in  them  into  an  acid  liquor  suflSciently  strong  to  be 
used  in  extracting  copper  from  its  ore. 

LIXrVIATION  COMPAEED  WITH  OTHER   METHODS   OF   ORE 

REDUCTION. 

Croasdale  has  shown  that  the  porphyritic  copper-ore  of  the 
Southwest,  notably  the  semi-oxidized  material  found  at  or  near 
the  surface,  may  be  successfully  leached  with  sulphuric  acid 
lixiviant  when  crushed  to  2-mesh  and  treated  in  the  raw  state. 
The  average  extraction  was  not  high  (78%),  and  bringing  the 
metal  out  of  solution   into  commercial   form  will,   of   course, 
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occasion  further  loss — ten  percent  will  be  probably  an  outside 
figure — ^yet  it  must  be  considered  that  the  ore  was  crushed  to  2- 
mesh  only,  and  that  the  tests  indicate  that  crushing  to  0.75  inch 
might  answer  equally  well.  It  was  thought  that  as  good  extrac- 
tion could  be  made  from  the  sulphide  ore  of  the  same  mine,  as 
from  the  oxidized,  by  giving  it  a  preliminary  roast.  It  is  reason- 
able to  expect,  as  experience  is  gained  in  handling  this  ore  by 
the  method  indicated,  that  the  percentage  of  extraction  will  be 
increased. 

Similar  ore  is  now  being  treated  in  several  other  districts  by 
a  combination  process  comprising  mechanical  concentration  and 
smelting,  supplemented  by  electrolytic  refining.  It  is  interesting 
to  compare  the  recoveries  effected  by  this  method  of  reduction 
with  the  data  obtained  at  Ajo  from  leaching  tests. 

Mr.  Heath  Steele*  has  compiled  an  instructive  statement  as 
to  the  actual  percentage  of  recovery  made  from  porphyry  ore  by 
some  of  the  largest  operating  companies.  The  following  are  Mr. 
Steele's  figures: 

Percent  actual 
Eecoverj 

Utah  Copper 1910  55.6 

"         "      1911  59.9 

"         "      1912  57.4 

Miami  Copper  Co 1911  66.7 

*'  *'        **    1912  61.0 

Kay  Consolidated 1911  50.6 

"  "  1912  51.2 

Nevada  Consolidated  1910  70.0 

**  *'  1911  69.5 

'*  "  1912  66.0 

Chino  Copper  Co 1912  55.0 

As  the  annual  tonnage  treated  by  the  corporations  enumer- 
ated above  runs  into  many  millions,  the  inefficiency  of  the  meth- 
ods of  reduction  employed  represents  an  enormous  waste  of 
national  resources,  for  subsequent  recovery  of  the  copper  run 
out  of  the  miUs  in  the  tailing  is  very  improbable.  Referring 
to  the  inadequate  methods  at  present  employed  in  reducing  por- 
phjTitic  copper  ore.  Dr.  Rudolf  Gahlf  writes:    **The  concen- 

*  Mining  and  Scientific  Press,  June  7th,  1913,  page  865. 
t  Transactions  of  the   American   Electrochemical   Society,   New   York 
meeting,  April,  1914. 
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tration  process  has  been  developed  to  such  a  state  of  perfection 
that  on  clean  sulphide  ores  recoveries  of  85  percent  of  the  copper 
can  be  obtained.  Unfortunately  the  ores  that  generally  are 
called  porphyry  copper  ores  are  not  of  this  character,  as  they 
contain  a  considerable  percentage  of  their  copper  in  the  oxidized 
state.  .  .  .  The  water  concentration  process  is,  up  to  the 
present  time,  not  able  to  extract  copper  in  oxide  combination 
with  an  eflSciency  approximating  the  extraction  of  the  sulphide 
copper.  I  believe  that  30  percent  is  an  average  round  figure  for 
the  extraction  eflPected  on  the  oxidized  portion  of  the  copper  in 
sulphide  ores.  It  follows,  that  where  ores  are  largely  contam- 
inated with  such  material,  no  satisfactory  saving  can  be  obtained 
by  ordinary  concentration  methods.  A  great  many  of  the  mines 
in  Arizona  and  New  Mexico  suffer  under  this  disadvantage 
(Chino,  Shannon,  etc.)". 

Among  the  many  schemes  for  ore-treatment  which  have 
made  their  reappearance  in  recent  times,  most  of  which  are  not 
novelties,  is  the  flotation  process.  This  treatment  when  applied 
to  oxidized  copper  ore  gives  practically  negligible  results — as 
far  as  reported. 

The  operations  comprised  in  leaching  ore  are  the  following: 

Bringing  copper  into  solution. 

Separation  of  pulp  from  lixivium. 

Recovering  copper  from  solution. 

Treatment  of  the  deposited  copper  products. 
This  sequence  will  be  followed  in  the  succeeding  pages. 

CRUSHING  THE  ORE. 

As  practically  all  copper  minerals  found  in  oxidized  sur- 
face ore  are  secondary  products,  they  frequently  lie  along  frac- 
ture planes,  and  it  is  often  only  necessary  to  crush  such  ore  so 
that  it  falls  to  pieces  along  such  lines  of  weakness  in  order  to 
expose  the  copper  minerals  to  the  action  of  solvent  in  the  leach- 
ing vats.  In  the  case  of  the  A  jo  (Arizona)  porphyry,  Croasdale 
found  that  crushing  to  4-mesh  was  all  that  was  necessary  to 
effect  an  extraction  of  78  percent,  and  was  led  to  the  conclusion 
that  even  coarser  crushing  might  have  answered  as  well.  A 
screen  analysis  of  the  Ajo  crushed  ore  is  given  as  follows : 
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Screen  Analysis  of  Ajo  Crushed  Ore. 

+  4 19% 

-f  8 25  ' ' 

-fl6 18'* 

—16 38*' 


1007o 


At  the  Bullwhacker  (Montana)  leaching  plant  the  ore  was 
crushed  to  pass  16-mesh,  and  an  extraction  of  over  90  percent 
was  said  to  have  been  secured  from  the  crude  ore.  Formerly  the 
Butte-Duluth  (Montana)  ore  was  crushed  to  2-mesh  and  perco- 
lated raw  in  V-shaped  vats,  with  a  reported  extraction  of  about 
80  percent ;  but  recently  a  change  was  made  and  the  ore  is  now 
crushed  to  about  10-mesh  with  a  reported  extraction  of  92  per- 
cent.* 

The  following  screen  analysis  of  the  mill-sand  leached  at 
Anaconda  (Mont€uia)  shows  that  a  high  extraction  can  be  made 
from  a  comparatively  fine  material  by  percolation. 

Screen  Analysis  of  Anaconda  Mill-saad. 

-\-  14 4.50% 

-\-  40 50.31 ' 

-f  60 15.33  * 

-H  90 11.45  * 

+110 6.54' 

-f  160 5.52  ' 

4-200 2.86* 

—200 5.31' 


101.82% 


In  some  experimental  work  undertaken  by  the  writer  on  gar- 
netiferous  surface  ore,  carrying  much  of  its  copper  as  silicate,  it 
was  found  that  an  extraction  of  70  odd  percent  of  the  copper 
could  be  relied  upon  when  the  material  was  crushed  to  about 
4-mesh.  In  general,  it  may  be  said  that  fine  crushing  of  copper 
ore,  when  it  is  to  be  subjected  to  leaching,  is  to  be  avoided  where 
possible,  because  slime  interferes  greatly  in  several  ways.  When 
the  mineral  is  dense,  and  not  readily  penetrated  by  the  solvent, 

*  Engineering  and  Mining  Journal,  August  1,  1914,  page  220. 
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a  slight  roast  often  renders  it  porous,  even  when  comparatively 
coarse — ^through  removal  of  moisture  and  chemically  combined 
water,  disengagement  of  carbonic  acid,  and  alteration  of  the  con- 
tained sulphides. 

ROASTIXG. 

At  the  Intercolonial  Copper  Company's  plant  (Nova  Scotia) 
the  ore  is  roasted  to  sulphatize  the  lime  and  oxidize  iron  sulphide 
to  ferric  oxide.*  The  hot  ore  is  allowed  to  fall  into  a  solution 
containing  five  percent  sulphuric  acid. 

It  has  been  found  beneficial  to  roast  an  ore  sometimes,  even 
if  no  sulphide  minerals  are  present,  for  in  this  manner  the  iron 
and  alumina  content  is  rendered  more  or  less  insoluble,  and  the 
adsorption  of  copper  by  colloids  is  avoided.  Adsorption  is  the 
property  possessed  by  certain  clays,  and  other  material,  of 
extracting  metals  from  dilute  solutions.  Lindgren  found  that 
crushed  clay  from  Morenci  (Arizona)  extracted  90  percent  of 
the  copper  from  certain  solutions. 

Boasting  an  ore  with  the  object  of  improving  its  leaching 
qualities  is  a  very  different  matter  from  roasting  with  subsequent 
smelting  in  view.  Expensive  failures  have  occurred  through  neg- 
lect of  proper  precautions  in  roasting  preparatory  to  lixiviation. 
The  type  of  furnace  used  must  be  adapted  to  the  change  which 
it  is  desired  to  produce  in  the  ore.  With  modem  mechanical  fur- 
naces the  expense  of  roasting  is  small,  the  metal  in  copper  sul- 
phides and  cuprite  is  rendered  soluble,  and  deleterious  elements 
are  kept  out  of  the  electrolyte,  which  is  thereby  made  suitable  for 
electrolysis. 

Two  methods  of  roasting  are  practiced  in  preparing  copper 
ore  for  leaching :  oxychloride  roasting,  and  plain  oxidation.  The 
choice  of  one  or  other  of  these  is  influenced  by  the  presence  of 
silver  in  an  ore  in  sufficient  quantity  to  warrant  extraction.  Some 
difference  of  opinion  exists  with  regard  to  benefits  accruing  from 
applying  the  two  methods,  a  purely  oxidizing  roast  being  thought 
by  some  to  have  several  advantages  over  chloridizing.  In  favor 
of  the  oxidizing  roast,  it  is  claimed  that  valuable  metals  are 

*  R.  R.  Goodrich  in  Bulletin  of  the  American  Electrochemical 
Society,  New  York  meeting,  April,  1914. 
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volatilized  to  a  lesser  extent;  accretions  in  the  furnace  are 
avoided;  extraction  of  copper  from  the  pulp  is  better;  but  it  is 
admitted  that  silver  recovery  is  not  as  good.  On  the  other  hand, 
the  addition  of  salt  (NaCl),  even  when  carrying  out  a  sulphat- 
izing  roast,  has  been  found  to  produce  beneficial  results. 

Laist  and  Aldrich*  have  given  following  details  of  tests 
made  on  a  large  scale  at  Anaconda,  using  a  chloridizing  roast. 
The  feed  carried  0.6  percent  copper  and  0.55  oz.  silver.  Copper 
extraction  was  78.9  percent.  All  volatilized  metals  of  value  were 
assumed  to  be  recoverable.  The  same  authorities  state  that  fur- 
ther tests  showed  no  salt  was  necessary  in  achieving  a  roast  suit- 
able for  the  extraction  of  the  copper  alone,  but  that  salt  did 
increase  the  silver  extraction  from  75  percent  to  90  percent.  This 
extra  15  percent  recovered  would,  however,  not  pay  for  the 
increased  cost  of  the  salt  used  and  installation  and  operation  of 
apparatus  necessary  to  effect  condensation  of  the  volatilized 
metals.  Scrubbing  towers  did  not  work  well  in  condensing  the 
fume  from  oxychloride  roasting  and  a  Cottrell  electrical  pre- 
cipitation unit  was  tried.  With  the  help  of  this  apparatus  90 
percent  of  the  copper,  and  a  considerable  amount  of  acid,  were 
recovered  from  the  fumes.  However,  it  was  found  preferable  to 
chloridize  the  silver  subsequently  in  the  leaching  vats. 

When  tests  were  carried  out  on  practically  the  same  material, 
and  no  salt  was  added  to  the  charge  in  the  roasting  furnace,  the 
results  were  as  follows:  assay  of  feed  (calcine),  0.68  percent 
copper  and  0.57  oz.  silver ;  extraction,  84.4  percent  of  the  copper 
and  70.9  percent  of  the  silver.  An  investigation  was  made  of  the 
percentage  of  extraction  effected  in  the  upper  and  lower  parts 
of  the  leaching  vat,  respectively.  It  was  found  that  copper 
extraction  in  the  upper  half  was  86.2  percent,  and  in  the  lower 
82.8  percent. 

The  roasting  furnace  used  in  the  80-ton  experimental  plant 
at  Anaconda  was  a  six-hearth  McDougall,  twenty  feet  in  diam- 
eter. There  were  two  fire-boxes  placed  on  opposite  sides,  the 
fiames  entering  on  the  third  hearth.  A  Buffalo  blower,  working  as 
an  exhaust,  produced  the  draft.  When  operating  under  stand- 
ard conditions  of  temperature  and  pressure,  between  3,500,000 

*  Transactions  of  the  American  Institute  of  Mining  Engineers.  Salt 
Lake   meeting,   August,    1914. 
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and  4,000,000  cubic  feet  of  gas  were  drawn  out  of  the  furnace 
in  24  hours.  The  temperature  of  the  outgoing  gases  was  about 
180°  C.  Air  was  used  for  cooling,  and  850,000  cubic  feet  were 
forced  in  under  15  lb.  pressure. 

In  roasting  copper  ore  for  leaching,  the  temperature  of  the 
furnace  must  be  under  perfect  control  to  produce  the  uniform 
product  so  essential  in  succeeding  operations.  For  this  reason 
the  same  grade  of  fuel  should  be  maintained,  and  sulphur  con- 
tent of  the  charge  should  not  vary  greatly.  The  temperature 
should  not  be  permitted  to  sink  below  880°  F,  (471°  C.)  on  the 
fourth  hearth.  Should  the  temperature  on  this  hearth  fall  below 
that  indicated,  it  is  difficult  to  get  it  back  again. 

The  best  temperature  for  roasting  Anaconda  mill-sand  was 
found  to  lie  between  900°  (482°  C.)  and  930°  F.  (499°  C).  At, 
or  above,  1000°  F.  (538°  C.)  ferrites  formed.  The  percentage 
of  moisture  in  the  feed  seriously  affected  operation  of  the  fur- 
nace. The  average  moisture  was  five  percent:  when  it  reached 
eight  or  ten  percent  the  charge  banked  over  the  arms  and  inter- 
rupted operation.  Ninety  tons  of  mill-sand,  containing  five  per- 
cent moisture,  0.68  percent  copper,  and  a  proportional  amount  of 
sulphur,  can  be  roasted  in  a  twenty-foot  McDougall  in  24  hours, 
with  coal  consumption  amounting  to  2.75  percent  of  the  dry 
weight  of  the  charge.  A  feed  containing  three  percent  of  sulphur 
is  reduced  to  0.6  percent,  and  forty  percent  of  the  copper  in  the 
calcine  is  rendered  water-soluble. 

The  most  efficient  cooling  device  for  the  pulp  discharge  from 
the  roaster  was  a  rotating  drum  made  of  quarter-inch  boiler- 
iron  plate.  This  drum  was  water  cooled.  When  the  furnace  was 
treating  eighty  tons  of  material,  25,710  gallons  water  were 
required  for  cooling  purposes  in  24  hours.  The  temperature  of 
the  calcine  was  reduced  in  this  manner  from  260° — 370°  to  45° 
C.  A  screw  conveyor  transported  the  calcine  from  the  cooler  to 
the  leaching  vats. 

There  are  several  furnaces  besides  the  McDougall,  all  of 
the  same  general  type,  which  may  be  employed  for  roasting  pre- 
liminary to  leaching.  Prominent  among  these  are  the  Wedge, 
and  the  Herreshoff  (Manufactured  by  the  Pacific  Foundry  Co. 
of   San   Francisco).      They   have   large   capacity   and   operate 
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cheaply.  In  the  admirable  work  on  unit  construction  costs* 
by  E.  Horton  Jones,  the  complete  cost  is  given  of  a  HerreshoflE 
roasting-fumace  plant  set  up  at  Clifton  (Arizona).  These  roast- 
ing furnaces  had  six  superimposed  hearths  and  a  top  drying 
hearth.  The  outside  diameter  of  the  shell  was  21  feet  714  ui-> 
and  the  arms  were  air-cooled.  The  cost  given  includes  the  roast- 
ers and  roaster-buildings,  roaster  dust-chambers,  and  roaster 
dust-chamber  flue.    The  total  cost  per  roaster  was  $24,907.34. 

There  are  other  types  of  roasting  furnaces  which  are  less 
expensive  than  those  referred  to  above,  and  which  have  proven 
satisfactory  in  preparing  copper  ore  for  leaching.  In  selecting  a 
roasting  furnace  to  perform  certain  work,  the  character  of  the 
ore,  the  temperature  necessary  to  produce  the  desired  changes, 
and  the  condition  of  the  calcine  best  adapted  to  the  purpose  in 
view,  all  have  to  be  given  consideration.  Usually  perfect  control 
of  the  air  admitted  to  the  furnace  is  very  essential.  The  success 
of  a  leaching  plant  may  depend  upon  the  roaster. 

PEBCOLATION  AND  AGITATION  COMPABED. 

Percolation  may  be  defined  as  the  treatment  of  stationary 
pulp  by  moving  solutions:  in  agitation,  both  the  pulp  and  the 
liquors  are  kept  in  motion.  Both  systems  present  advantages. 
Coarser  material  can  be  handled  by  percolation  than  by  agita- 
tion, but  more  time  is  required  to  bring  the  metals  into  solution. 
In  percolating  the  porphyritic  ore  of  Ajo,  Croasdale  reached  the 
conclusion  that  in  crushing  the  ore  so  that  it  would  pass  through 
a  screen  with  %-in.  apertures  it  would  be  reduced  small  enough 
to  permit  good  extraction.  It  was  found  that  crushing  to  4-mesh 
seriously  interfered  with  percolation,  and  resulted  in  loss  of  time 
and  low  extraction.  When  the  ore  was  crushed  to  2-mesh,  the 
leaching  was  very  uniform,  and  channeling  was  avoided.  Crush- 
ing to  4-mesh  resulted  in  segregation  of  colloidal  slimes,  and  the 
leaching  was  not  so  uniform.  The  colloidal  slime,  which  amounted 
to  five  percent,  was  apparently  not  due  to  action  of  the  lixiviant. 
In  percolating  ore  containing  soluble  iron,  alumina,  or  calcium 
combinations,  insoluble  salts  of  these  elemente  are  apt  to  form  in 

*  Transactions  of  the  American  Institute  of  Mining  Engineers,  Salt 
Lake  meeting,  1914. 


LEACHING  COPPER  ORES  171 

portions  of  the  charge  where  the  acid  content  of  the  lixiviant  has 
been  weakened^  causing  irregularities. 

In  charging  leaching  vats  care  must  be  taken  to  avoid  seg- 
regation of  particles  of  crushed  material  in  the  act  of  placing  the 
ore.  If  dry  ore  is  thrown  into  a  tube  several  feet  in  height,  it 
will  be  noticed  that  the  particles  separate  in  layers,  the  coarser 
being  at  the  bottom.  If  the  tube  is  previously  filled  with  lix- 
iviant and  the  ore  is  then  charged,  this  phenomenon  is  intensified, 
and  a  five-foot  column  of  ore  crushed  to  4-mesh  can  become 
impermeable  to  solutions.  This  difficulty  may  be  overcome  by 
dampening  the  charge  in  advance  of  placing  it  in  the  vat,  caus- 
ing the  fine  particles  to  adhere  to  the  coarser.  The  charge  must 
not  be  wet,  or  it  will  pack. 

The  practical  limit  in  height  of  ore-columns  which  will  per- 
mit rapid  percolation  has  not  been  definitely  determined.  At 
Anaconda  the  mill-sand  (screen  analysis  of  which  is  given  in  a 
previous  section)  was  percolated  in  a  ten-foot  column.  At  Chu- 
quicamata  the  leaching  vats  are  being  built  sixteen  feet  high.  At 
Ajo  an  eighteen-foot  ore-column  was  tried,  with  very  little 
diminution  in  the  rate  of  percolation.  In  practice  the  height  of 
ore-columns  to  be  leached  will  be  determined  more  by  conven- 
ience in  removing  the  leached  material  from  the  vats,  than  by 
other  features. 

Percolation  may  be  upward  or  downward.  If  carried  out  in 
an  upward  direction  the  lixiviant  spreads  gradually  throughout 
the  whole  vat,  displaces  air,  and  tends  to  keep  the  fine  material  in 
a  state  of  suspension.  The  use  of  a  filter  is  unnecessary.  If  per- 
colation is  downward,  there  is  a  tendency  to  drain  the  charge 
through  channels,  and  the  fines  are  carried  down  and  deposited 
on  the  filter.  Simplicity  of  construction  should  be  one  of  the 
main  objectives  sought  in  designing  apparatus  to  handle  low- 
grade  ore  in  bulk,  and  gravity  filters  and  filter-presses  should  be 
avoided  where  possible.  Groasdale  recommends  passing  the 
leach-liquors  in  at  the  bottom  of  the  vat  at  first  to  displace  air, 
and  after  the  ore  is  covered,  to  reverse  the  current  and  percolate 
downward.  It  is  claimed  that  this  method  gives  better  control  of 
solution,  and  permits  use  of  minimum  quantity  of  wash-water 
later  on.  It  is  also  stated  that  by  keeping  the  ore  covered  with 
solution,  and  maintaining  the  circulating  capacity  a  little  above 
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rate  of  percolation,  channeling  may  be  detected  and  regulated. 
An  alternate  method  suggested  is  to  admit  the  lixiviant  on  top 
of  the  dry  ore,  but  at  one  side  of  the  vat,  whereby  the  liquor 
passes  at  once  to  the  bottom  and  collects,  expelling  the  air  as  it 
rises.  It  was  found  unadvisable  to  saturate  the  ore  with  water 
before  applying  the  lixiviant,  because  in  that  case  water  has  to 
be  displaced  by  acid  solution  before  the  mineral  is  acted  upon, 
which  delays  the  operation  and  serves  no  useful  purpose. 

At  Anaconda  a  method  of  repeated  draining  and  resaturat- 
ing  the  pulp  appears  to  have  given  satisfaction.  When  a  charge 
is  drained  and  again  flooded,  all  particles  are  presumed  to  be 
reached  by  fresh  acid  solution.  In  one  of  the  most  satisfactory 
tests  made  at  Anaconda,  calcined  sand  assaying  0.713  percent 
copper  was  given  a  six-day  treatment.  A  strongly  acid  solution 
was  first  put  on  the  charge,  and  drained.  Then  a  second  portion 
of  lixiviant  was  added  to  resaturate  the  pulp,  and  this  portion 
was  brought  up  to  fifteen  percent  acid  for  the  solution  traveling 
down  through  the  charge.  Repeated  draining  and  flooding 
seemed  to  help  extraction.  After  the  charge  was  sufficiently 
drained,  and  before  wash- water  was  added,  salt  (NaCl)  amount- 
ing to  one  percent  of  the  weight  of  the  charge  was  spread  over 
the  top.  The  strong  saline  liquor  formed  upon  addition  of  wash- 
water,  in  passing  downward  through  the  charge  washed  out  the 
remaining  chloride  of  silver.  By  sending  back  to  the  solution 
tanks  the  first  salt  liquor  drawn  off  to  replace  discarded  solution, 
very  little  salt  was  lost  in  the  wash-water. 

Percolating  the  charge,  draining,  and  then  passing  air 
through  the  moist  pulp,  was  also  tried  at  Anaconda,  but  with 
doubtful  benefit — it  also  prolonged  the  cycle  of  operations. 
Ri'peat(*d  draining  and  rcsaturating  were  thought  to  give  better 
results  than  forcing  in  air.  Sprinkling  the  ore  with  solution  was 
also  tried  instead  of  flooding  it.  The  results  did  not  indicate 
any  advantage  over  flooding,  and  complicated  operations  by  intro- 
duction of  automatic  sprinklers.  The  flooding  system  was  thought 
to  offer  fewer  difficulties,  and,  if  anj-thing,  to  do  better  work. 

In  leaching,  the  quantity  of  solution  absorbed  by  the  ore  is  a 
matter  of  importance,  because  of  intimate  connection  with  loss 
of  salts  in  the  tailing.  At  Ajo,  porphyry  ore  crushed  to  4-mesh 
absorbed  eleven  percent  of  its  weight  of  water,  amounting  to 
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26.4  gal.  per  ton :  crushed  to  2-mesh,  it  absorbed  six  percent  of 
its  weight,  or  14.4  gal.  per  ton  of  ore.  Fifteen  percent  additional 
water,  amounting  to  36  gal.  per  ton,  was  required  to  fill  interstices 
and  cover  ore  in  a  vat.  The  average  amount  of  solution  needed 
to  cover  one  ton  of  ore  after  saturation  was  34  gal.  At  Anaconda 
the  weight  of  solution  necessary  to  saturate  a  charge  was  found  to 
be  twenty  percent  of  the  weight  of  the  calcine,  assuming  specific 
gravity  of  solution  to  be  one  (in  reality  it  was  about  1.25).  It 
required  from  six  to  seven  hours  to  drain  off  a  vat  containing 
ten  feet  of  mill-sand  so  that  the  moisture  held  back  should  not 
exceed  ten  percent. 

Croasdale  furnishes  some  interesting  data  as  to  the  rate  of 
percolation  through  porphyry  ore  at  Ajo.  With  an  ore-column 
twelve  feet  in  height  and  ten  inches  in  diameter,  circulating  the 
solution  from  the  bottom,  one  gallon  passed  in  thirty  seconds ;  at 
the  end  of  96  hours  the  rate  was  one  gallon  in  35  seconds.  This 
was  with  ore  which  had  been  crushed  to  2-mesh.  Increasing  the 
height  of  a  dry  ore-column  ten  inches  in  diameter  progressively 
from  five  feet  to  7.5  ft.,  and  then  to  ten  feet,  did  not  diminish  the 
rate  of  percolation,  the  flow  continuing  at  one  gallon  in  fifteen 
minutes  on  ore  crushed  to  4-mesh.  At  the  end  of  72  hours  the 
rate  was  one  gallon  in  23  minutes,  after  which  it  graduaUy  fell 
off.  Another  experiment  made  on  a  dry  ore-column  eighteen 
feet  high,  of  same  diameter  (ten  inches)  as  in  preceding  tests, 
gave  a  rate  of  one  gallon  in  eight  minutes.  This  was  also  on 
4-mesh  material,  and  the  water  was  circulated  from  bottom  to 
top  by  means  of  a  centrifugal  pump.  At  the  end  of  72  hours 
the  flow  was  still  one  gallon  in  eight  minutes.  Further  data  on 
this  interesting  subject  will  be  found  in  the  original  paper. 

At  Ajo  the  average  rate  of  percolation  per  square  foot  of 
filter  area  in  vat-leaching  was  found  to  be  ten  gal.  per  hour.  The 
rate  of  percolation  on  4-mesh  material  was  only  one  quarter  of 
that  on  2-mesh.  The  effect  produced  by  kaolinization  of  the  ore 
was  shown  by  the  fact  that  rate  of  percolation  through  hard  ore 
was  twice  that  through  the  softer  2-mesh  material,  and  eight  times 
that  of  kaolinized  ore  crushed  to  four  mesh. 

Agitating  pulp  with  lixiviants  naturally  brings  about 
improved  extraction  and  great  saving  in  time,  because  fresh 
lixiviant  is  constantly  forced  into  contact  with  particles  of  ore; 
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but  for  this  purpose,  the  pulp  must  be  quite  fine  in  order  that  it 
can  be  held  in  suspension.  Fine  crushing  in  copper  leaching  has 
its  disadvantages,  but  when  pulp  is  agitated  the  protection 
afforded  the  mineral  surfaces  through  formation  of  insoluble 
salts  is  done  away  with — ^the  said  salts  being  removed  by  fric- 
tion. Also,  because  the  material  treated  is  necessarily  in  a  finer 
state  of  division,  therefore  greater  surface  is  exposed  to  action  of 
the  solvent.  Ore  through  which  lixiviant  has  been  circulated  for 
three  or  four  days  to  get  seventy  percent  extraction,  when 
crushed  to  4-mesh,  has  been  found  to  yield  85  per  cent  of  the 
copper  when  crushed  to  16-mesh  and  agitated  by  means  of  com- 
pressed air.  Air  agitation  is  not  practicable  with  heavy  gangue, 
such  as  garnet,  when  using  reasonably  high  pulp  columns. 

A  form  of  air  agitation  was  tried  at  Anaconda,  but  did  not 
give  satisfaction.  In  these  tests  a  lead  pipe  1^  inches  in  diameter 
was  introduced  into  one  of  the  solution  vats  and  provided  with 
a  bend  at  the  bottom.  The  idea  was  to  pass  air  through  this  pipe 
and  so  produce  a  swirling  action  in  the  pulp.  It  was  found  that 
when  air  under  ninety  pounds  pressure  was  sent  through  the  pipe 
no  swirling  action  was  produced.  The  air  came  to  top  of  charge 
above  where  it  entered  and  only  agitated  a  small  part  of  the 
liquor.  In  some  tests  carried  out  at  another  place,  using  com- 
pressed air  introduced  through  a  coil  of  perforated  lead  pipe  in 
the  bottom  of  a  small  vat,  a  low  coluiim  of  thin  pulp  was  thor- 
oughly agitated,  but  the  capacity  of  such  apparatus  is  not  suf- 
ficient in  handling  low-grade  ore  on  a  commercial  scale. 

Circulating  lixiviants  by  pumping  is,  in  a  sense,  a  form  of 
agitation,  as  the  liquor  is  forced  through  the  ore  more  rapidly 
than  it  would  be  were  gravity  alone  relied  upon.  At  the  leach- 
ing works  of  the  Arizona  Copper  Company  (Clifton),  tailing 
ranging  from  pieces  one  inch  in  size  down  to  sand  (75  percent 
larger  than  %  inch)  was  treated  in  large  circular  wooden  vats 
with  perforated  false  bottoms.  A  centrifugal  pump  was  pro- 
vided for  each  vat,  for  circulating  the  liquor  from  bottom  to 
top  of  the  vat. 

Agitation  by  means  of  mechanically-driven  stirring  arms  has 
often  been  resorted  to,  but  such  apparatus  is  of  necessity  of  small 
capacity ;  and  when  from  any  cause  the  operation  is  arrested,  the 
pulp  packs  around  the  stirrers  and  must  be  shoveled  out. 
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Quite  recently  Dorr*  has  introduced  a  modification  of  his 
classifier  into  copper  leaching  practice. 

The  machine  is  reported  to  be  giving  satisfaction  at  the 
leaching  works  of  the  Butte-Duluth  Mining  Co.  (Montana). 
Mr.  C.  S.  Herzigt  has  described  the  Dorr  apparatus  as  used 
at  this  plant.  The  original  installation  consisted  of  five  machines, 
each  414  ft-  wide  and  15  ft.  long,  placed  in  series.  The  first  three 
machines  were  used  for  acid  leaching ;  in  the  last  two  the  leached 
ore  was  washed.  Slime  is  disengaged  from  the  sand  in  the  first 
machine  and  kept  separate.  Later  two  machines  thirty  feet  in 
length  were  added  to  the  series,  which  gave  the  ore  135  feet  of 
raking  over  before  it  went  to  the  tailing  dump.  It  is  stated  to 
be  the  intention  of  the  management  to  substitute  the  longer 
machines  in  place  of  the  15-foot  apparatus  now  in  use. 

The  function  of  the  Dorr  machine  is  to  rake  the  pulp  through 
an  inclined  trough  and  then  to  push  it  over  the  end  into  another 
similar  machine,  where  the  same  operation  is  repeated.  The  ore 
and  lixiviant  are  first  brought  together  in  a  mixer,  and  thence 
passed  into  the  first  Dorr.  The  pulp  is  supposed  to  leave  the 
first  machine  carrying  only  25  percent  moisture.  In  the  second 
machine  the  partially  leached  pulp  is  given  a  second  treatment, 
this  time  with  ten  percent  solution  (66°  B  acid),  the  overflowing 
lixivium  going  to  a  storage  tank.  In  this  manner  the  pulp  is 
pushed  through  the  several  succeeding  machines  until  a  suflBcient 
extraction  has  been  effected.  Wash-water  is  introduced  into  the 
penultimate  machine  and  the  overflow  goes  back  to  the  mixer, 
where  it  meets  dry  ore  and  is  returned  to  the  cycle.  Wash- 
water  from  the  last  machine  is  passed  over  scrap-iron.  It  is 
expected  to  give  the  slime  which  overflows  from  the  first  machine 
a  separate  treatment. 

The  Dorr  machine  appears  to  have  a  future  in  its  application 
to  the  leaching  of  copper  ore.  Its  capacity  is  large  for  the  floor 
space  occupied.  Agitation  of  the  pulp  is  thorough,  and,  in  con- 
sequence, extraction  of  copper  is  rapid.  The  power  used  is 
reported  to  be  small ;  repairs  are  said  to  be  light ;  the  apparatus 
does  not  have  to  be  dug  out  in  case  of  unexpected  interruptions ; 

•**The  Dorr  Hydrometallurgical  Apparatus",  Trans.  American  Inst, 
of  Mining  Engineers,  Salt  Lake  meeting,  August,  1914. 
tLoc.  cit. 
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and  the  process  can  be  closely  watched  and  is  at  all  times  under 
control. 

STRENGTH  OF  LIXIVIANT. 

The  prevailing  custom  in  copper  ore-leaching  is  to  employ 
strong  lixiviants ;  and  in  this  connection  the  relative  speeds  with 
which  the  several  minerals  are  acted  upon  are  of  importance. 
Caspari  and  Flegel*  state,  that  if  the  celerity  with  which  CaCOs 
is  dissolved  by  an  acid  is  indicated  by  1,  then  in  the  case  of 
CuCOa  it  is  0.231.  If,  therefore,  an  acid  lixiviant  dissolves 
copper  mineralized  as  carbonate  four  times  as  rapidly  as  it  takes 
up  lime  from  calcite,  then  it  would  be  expected  by  rapid  treat- 
ment with  comparatively  weak  solution  that  copper  could  be 
leached  from  carbonate  ore  with  small  acid  consumption. 

Most  oxidized  copper  ore  shows  varying  degrees  of  alkalinity 
due  to  soluble  bases  present.  If  an  acid  cupriferous  lixiviant  is 
passed  upward  through  a  column  of  such  ore,  the  first  solution 
appearing  at  the  top  is  often  discolored — that  is,  the  first  lix- 
ivium obtained  contains  less  copper  than  was  in  the  original 
lixiviant.  Consequently,  in  percolating,  conditions  are  some- 
times favorable  to  precipitation  of  copper  from  lixivium  by 
alkaline  substances  contained  in  the  ore.  This  phenomenon  is 
more  likely  to  be  observed  with  percolation  treatment  than  with 
agitation,  because  in  percolation  the  solutions  are  left  in  contact 
with  these  agents  for  a  longer  time  than  when  pulp  is  agitated. 

The  importance  of  rapidity  of  treatment  in  its  efifect  upon 
acid  consumption  has  been  repeatedly  noted.  Mr.  Claude  Vautin 
writes:  **If  one  had  to  deal  with  an  ore  where  the  consumption 
of  acid  was  considerable,  the  more  rapidly  the  copper  carbonate 
was  dissolved  the  lower,  frequently,  was  the  amount  of  acid 
required.  In  one  case  with  ordinary  percolation  40  to  60  hours 
were  required  to  dissolve  the  copper  with  a  consumption  of  from 
2.5  to  3  lb.  of  acid  per  pound  of  copper  extracted;  when  the 
same  ore  was  more  finely  crushed  and  solution  effected  by  agita- 
tion, the  acid  consumption  was  decreased  to  60  percent  (or 
under)  of  the  former  amount''. 

Croasdale  found  in  the  Ajo  experiments  that  a  5.6-percent 
acid  lixiviant  little  more  than  sufficed  to  destroy  alkalinity  of 

**' Metal  und  Krz",  February  8,   1913,  page  254. 
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the  ore,  and  but  a  small  quantity  of  copper  was  dissolved.  In 
these  tests,  however,  leaching  was  done  by  percolation  (24  hours) , 
and  time  was  afforded  the  alkaline  minerals  to  rob  the  copper 
sulphate  of  its  acid.  The  figures  show  that  solution  of  copper 
and  iron  progressed  along  nearly  parallel  lines,  but  that  alumina 
was  dissolved  in  increasing  proportions  with  application  of  each 
succeeding  lixiviant.  The  following  table,  given  by  Croasdale, 
illustrates  the  action  of  comparatively  weak  lixiviants  when 
accompanied  by  circulation  (virtually  agitation),  as  compared 
with  stronger,  standing  lixiviants: 
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2.3 
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48.3 

2.3 

82.3 

2.4 

6.3 

58.2 

2.3 

80.8 

2.8 

10.0 

78.4 

2.2 

85.7 

2.8 

Crushing  to  8-mesh  increased  consumption  of  acid  without 
materially  advancing  extraction  of  copper,  and  the  fine  material 
resulting  from  further  comminution  interfered  with  percolation 
of  solutions. 

Similar  experiments,  made  by  the  writer  upon  a  gameti- 
ferous  ore  carrying  calcite,  showed  that  ratio  of  acid  consump- 
tion to  dissolved  copper  was  high  when  using  very  weak  lixiv- 
iants. With  increasing  strength  of  lixiviant,  acid  consumption 
diminished,  reaching  a  minimum  with  approximately  a  two- 
percent  (by  weight)  acid  solution,  and  then  rapidly  rose  again 
with  augmented  strength  of  lixiviant  and  slowly  advancing  cop- 
per extraction.  Building  up  the  acid  solution  through  succes- 
sive additions  of  acid,  until  the  total  amoimted  to  two  percent, 
resulted  in  a  slight  saving  of  acid  but  required  more  time.  These 
were  laboratory  tests,  two  pounds  of  fine  ore  being  used  in  each 
case.    The  bottles  were  shaken  at  frequent  intervals. 

The  use  of  partially  neutralized  lixiviants  on  fresh  ore  has 
a  tendency  to  lessen  acid  consumption  by  utilizing  to  the  full 
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extent  any  free  acid  left  in  the  lixivium  antecedent  to  deposition 
of  the  metal.  This  is  one  of  the  advantages  in  the  counter-cur- 
rent system  of  lixiviation;  but  if  acid  content  of  the  lixivium 
becomes  too  depleted,  or  completely  neutralized,  a  portion  of 
the  copper  is  reprecipitated  in  the  pulp.  For  this  reason  it  is 
sometimes  advisable  to  send  lixivium  to  the  precipitation  depart- 
ment still  containing  a  little  free  acid :  it  also  prevents  formation 
of  basic  iron  salts,  insuring  a  clean  precipitate. 

At  the  leaching  works  of  the  Arizona  Copper  Co.,  where 
certain  tailing  coming  from  wet-concentration  mills  was  bene- 
ficiated,  experience  demonstrated  the  advantage  of  treating  fresh 
material  with  a  lixiviant  high  in  copper  and  low  in  acid.  The 
object  was  to  obtain  lixivium  containing  practically  no  free  acid. 
The  partly  leached  pulp  was  then  given  a  second  treatment,  with 
a  solution  lower  in  copper  and  higher  in  acid,  and  finally  with  a 
fresh  acid  lixiviant.  It  was  then  washed.  The  ore  being  of  por- 
phyritic  nature,  presumably  did  not  contain  an  appreciable 
quantity  of  calcite. 

Dr.  Gahl,  in  leaching  tests  carried  out  at  Morenci  (Arizona)  ^ 
found  it  economical  to  *' leach  in  steps"  (the  principle  just  re- 
ferred to  as  in  use  by  the  Arizona  Copper  Co.) ,  and  has  described* 
a  system  of  counter-current  lixiviation. 

At  Anaconda  it  was  found  that  the  acid  consumed  when 
leaching  mill-sand  did  not  average  to  exceed  50  lb.  of  H2SO4 
per  ton  of  charge,  and  that  the  loss  in  salt  (NaCl)  escaping  in 
solution  discard  was  not  more  than  one  percent  of  weight  of 
calcine  leached.  A  solution  carrying  as  high  as  18  percent  acid 
was  employed  in  one  test  at  Anaconda,  using  the  alternate  drain- 
ing and  flooding  system,  without  any  advantage  being  noted  from 
application  of  this  excessively  high  acidity. 

The  average  amoimt  of  acid  used  in  the  solutions  employed 
in  the  Ajo  tests  was  8.9  percent  H2SO4,  and  the  quantity  con- 
sumed was  3.6  lb.  acid  per  pound  copper  dissolved.    • 

At  the  works  of  the  Arizona  Copper  Co.,  2.6  lb.  of  52**  B. 
acid  (equivalent  to  1.82  lb.  66**  B.  acid)  is  stated  to  have  been 
used  per  pound  of  copper  extracted. 

Acid  consumption  at  the  Butte-Duluth  plant  is  said  to  be 

* ''Leaching  of  Copper  Tailings",  Am.  Electrochem.  Society,  New 
York  meeting,  April,  1914. 
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67.5  lb.  of  60°  B.  acid  per  ton  of  ore,  which  amounts  to  3.37  lb. 
per  pound  of  copper  extracted. 

At  ilorenci,  acid  consumption  was  3.5  lb.  of  H2SO4  per 
pound  of  copper  recovered.  In  the  Chuquicamata  tests  a  gain 
of  nine  pounds  of  acid  per  ton  of  ore  treated  is  reported,  due  to 
presence  of  sulphates  in  the  raw  material.  The  acid  of  the 
dissolved  sulphates  is  set  free  in  the  electrolytic  cells. 

In  estimating  cost  of  leaching  ore  in  more  or  less  arid  coun- 
tries the  quantity  of  water  used  becomes  a  matter  of  importance. 
At  Ajo  128  gal.  of  lixiviant  (1068.8  lb.)  were  circulated  per  ton 
of  ore  under  treatment.  It  was  foimd  that  34  gal.  (283.9  lb.)  of 
solution  were  required  to  fill  interstices  in  one  ton  of  ore,  after 
it  had  been  saturated.  At  the  Bull  whacker  plant  (Montana)  the 
charge  for  an  agitator  was  sixteen  tons  of  ore  and  32  tons  of 
ten:percent  acid  lixiviant. 

FOULING  OF  SOLUTIONS. 

When  solutions  used  in  cyclic  leaching  become  overcharged 
with  salts,  the  common  practice  is  to  discard  a  certain  amount, 
and  to  replace  that  thrown  away  by  an  equal  quantity  of  fresh 
lixiviant.  Discarded  solutions  are  usually  run  to  waste  over 
scrap  iron,  to  recover  as  much  as  possible  of  the  valuable  metals 
remaining  in  them.  Solutions  are  not  so  apt  to  foul  as  might  be 
supposed,  for  although  they  take  up  salts  when  strongly  acid, 
they  deposit  these  same  salts  in  a  more  basic  condition  as  the 
lixiviant  becomes  weaker.  This  is  specially  the  case  in  coimter- 
current  cyclic-leaching. 

Hydrolytic  dissociation  of  ferric  sulphate  is  a  commonly 
observed  phenomenon  in  dealing  with  leaching  solutions.  Lix- 
iviant containing  soluble  ferric  sulphate  and  little  free  acid,  upon 
dilution  gives  up  much  of  its  ferric  salt  in  a  more  basic  form, 
with  corresponding  liberation  of  free  acid.  For  this  reason, 
when  weak  lixiviants  are  employed  it  is  rarely  necessary  to  dis- 
card any  part  of  them. 

At  the  Butte-Duluth  works  the  same  solutions  were  said  to 
have  been  in  use  for  more  than  three  months  without  showing 
signs  of  excessive  fouling.  Drawing  off  slime  from  the  first  Dorr 
machine  and  settling  it,  and  then  sending  the  overflow  from  the 
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deposited  slime  to  cementation  launders,  is  said  to  have  helped  in 
keeping  salts  of  iron  and  alumina  out  of  the  lixivium. 

Iron,  alumina,  and  calcium  are  the  ordinary  causes  of  foul- 
ing solutions,  but  ferrous  and  ferric  sulphates,  as  well  as  alumi- 
num sulphate,  are  solvents  for  copper  oxide.  Ferric  sulphate 
also  attacks  simple  copper  sulphides  and  cuprous  oxide,  oxidizing 
them  to  cupric  sulphate  and  dissolving  copper  present  in  this 
form.  So  the  existence  of  these  salts  in  leaching  solutions  is 
sometimes  an  advantage. 

In  Arizona,  diflBculties  are  said  to  have  been  encountered  in 
leaching  aluminous  ore,  because  of  the  large  quantity  of  acid 
consumed  in  taking  up  the  soluble  alumina.  This  was  notably 
the  case  in  attempting  to  leach  slime  at  the  works  of  the  Arizona 
Copper  Co.  At  the  Gumeshevesky  mine,  in  Russia,  the  alumina 
in  the  ore  is  said  to  have  accounted  for  fifty  percent  of  the  acid 
consumed.  At  Ajo  the  solutions  took  up  iron  relatively  as 
rapidly  as  they  did  copper,  while  alumina  dissolved  in  increas- 
ing proportions  with  each  succeeding  application  of  lixiviant^ 
reaching  a  maximum  of  about  one  percent  of  iron  and  alumina 
in  the  liquor.    About  half  of  the  iron  was  in  the  ferric  state. 

Addicks  states  that  in  leaching  experiments  carried  out  by 
him  at  Douglas  (Arizona)  the  resulting  solutions  contained  as 
high  as  seven  per  cent  alumina  and  three  percent  iron.  In  his 
opinion  the  real  problem  in  ore-leaching  in  Arizona  is  the  soluble 
alumina,  and  he  suggests  carrying  the  solutions  so  high  in 
alumina  that  very  little  additional  of  this  substance  would  be 
dissolved  from  the  ore.  He  found  that  the  quantities  of  alumina 
and  iron  mentioned  above  did  not  seriously  interfere  with  elec- 
trolysis of  such  solutions,  which  others  have  thought  might  be 
the  case. 

When  the  agitation  method  of  leaching  is  employed,  less 
iron  and  alumina  are  dissolved,  with  higher  extraction  of  copper, 
and  less  consumption  of  acid.*  This  is  notably  the  case  when 
agitating  by  means  of  compressed  air. 

Croasdale  found  the  total  weight  of  soluble  material  re- 
moved from  the  ore,  in  leaching  at  Ajo,  varied  from  three  to 
3.5  percent. 

•  Mining  and  Engineering  World,  April  4,  1914,  page  651. 
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THE  SLIME  PBOBLEM. 

The  very  fine  material  produced  in  ore  crushing  is  gen- 
eraUy  regarded  as  a  detriment  in  copper-ore  leaching.  When 
such  fine  ore  is  mixed  with  water  it  usually  assumes  the  condi- 
tion referred  to  as  slime.  The  bad  reputation  slime  has  acquired, 
from  the  point  of  view  of  hydrometallurgists,  is  not  wholly  due 
to  its  quality  of  interfering  with  percolation,  through  packing  in 
the  leaching  vats,  because  this  can  be  overcome  by  resorting  to 
agitation;  but  slime — especially  aluminous  slime — ^has  the  fur- 
ther property  of  fixing  copper  salts  through  adsorption  (already 
mentioned  in  a  previous  section). 

In  the  Clifton  district  (Arizona)  the  porphyry  ore  carries 
a  mixture  of  copper  sulphides  and  oxidized  products  resulting 
from  decomposition  of  these  sulphides.  Some  of  this  ore  is 
greatly  kaolinized  and  slimes  badly  in  the  wet-concentration 
mills.  Slime  produced  in  the  Arizona  Copper  Co.'s  mills  is 
reported  to  carry  2.4  percent  copper,  and  contains  so  much  solu- 
ble alumina  that  lixiviation  becomes  practically  impossible.  It 
is  sent  to  the  slime  pond  and  settled. 

Slime  produced  in  the  Detroit  Copper  Co.  's  mills,  according 
to  Gahl,*  carries  1.24  percent  copper,  due  to  accumulation  of 
oxidized  copper  minerals  in  this  material.  The  sand  tailing  from 
the  same  mills  has  a  very  small  copper  content.  Apparently 
oxidized  copper  minerals  have  a  greater  tendency  to  collect  in 
the  slime  than  is  the  case  with  sulphides.  Gahl  undertook  to 
leach  this  slime  by  a  system  of  counter-current  lixiviation,  and 
under  the  most  favorable  conditions  recovered  sixty  percent  of 
the  contained  copper.  The  lixiviant  used  was  sulphuric  acid 
and  the  copper  extracted  was  thought  to  represent  that  portion 
existing  in  the  oxidized  state.  Undoubtedly  some  ferric  sulphate 
was  formed  during  the  treatment  to  which  the  slime  was  sub- 
jected, and  this  reagent  contributed  to  the  total  of  the  copper 
extracted  by  decomposing  some  of  the  sulphides.  The  low  per- 
centage of  extraction  (sixty  percent)  probably  was  influenced 
by  adsorption,  due  to  the  large  amount  of  aluminous  material 
present.  The  method  of  decantation  employed  is  described  in 
Dr.  Gahl's  paper. 

*  Loc.  cit. 
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At  the  Butte-Duluth  plant  the  slime  problem  had  not  been 
satisfactorily  worked  out,  at  last  reports.  As  stated  in  a  pre- 
vious section,  the  slime  was  drawn  ofE  from  the  first  Dorr  machine 
and  filtered  through  a  bed  of  ore.  The  filtered  liquors  were  sent 
to  the  cementation  boxes,  but  considerable  of  value  remained  still 
locked  up  in  the  unwashed  slime.  It  has  been  proposed  to  treat 
this  slime  in  a  continuous  counter-current  decantation  plant. 
The  slime  makes  up  about  thirteen  percent  of  the  ore  treated,  but 
carries  very  little  colloids,  as  shown  by  the  fact  that  the  — 200 
product  is  granular  and  settles  readily.  Several  screen  tests 
made  of  the  overflow  material  gave  the  following  results : 

Mesh  Percent 

+80 2.6 

+  100 16.8 

+200 34.4 

—200 46.2 

The  slime  overflow  from  the  first  and  second  Dorr  machines 
assayed  0.35  to  0.48  percent  copper,  after  washing. 

At  Anaconda,  fine  material  was  found  to  hinder  percola- 
tion, and  to  cause  imperfect  washing  and  poor  extraction.  Ten 
percent  slime  when  incorporated  with  mill-sand,  even  after  roast- 
ing decreased  percolation  to  such  an  extent  as  to  make  its  treat- 
ment by  mixing  with  sand  very  difficult. 

Croasdale  found,  in  the  Ajo  tests,  that  ore  crushed  to  2-mesh 
yielded  two  percent  colloidal  slime:  crushed  to  4-mesh,  three  to 
four  percent  colloidal  slime  that  could  be  suspended  in  water. 
This  slime  assayed  4.5  per  cent  copper ;  whereas  the  original  ore 
went  1.5  to  2.0  percent.  An  investigation  of  the  tailing  dis- 
closed the  fact  that  colloidal  slime  absorbs,  or  retains  mechan- 
ically, as  much  copper  as  is  held  by  the  coarse  material,  and  the 
further  fact  that  the  quantity  of  alumina  increased  in  the  fine 
material.  Whereas  acid  could  be  readily  washed  out,  removal  of 
the  copper  was  much  more  difficult,  indicating  mechanical  reten- 
tion of  the  metallic  salt  by  the  slime.  Washing  the  tailing  with 
1500  gal.  (6.25  tons)  of  water  per  ton  of  ore  failed  to  remove 
the  acid-soluble  copper,  which  remained  as  high  as  when  one 
tenth  of  the  quantity  of  water  was  used.  It  is  evident,  therefore, 
that  the  property  possessed  by  argillaceous  substances,  and  col- 
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loids,  of  absorbing  and  retaining  mineral  salts,  may  be  an  im- 
portant factor  in  leaching  crude  oxidized  porphyritic  ore  by 
means  of  sulphuric  acid. 

TIME  REQUIBED  FOR  BRINGING  COPPEK  INTO  SOLUTION. 

Factors  affecting  speed  of  solution  of  copper  from  an  ore 
are:  character  of  the  ore;  fineness  of  comminution;  method  of 
leaching  adopted;  strength  of  solvent;  and  temperature  of  lix- 
iviant.  An  ore  which  has  been  ground  fine,  or  the  permeability 
of  which  has  been  enhanced  by  roasting,  must  necessarily  be  more 
quickly  acted  upon  by  solvents  than  when  treated  in  a  coarser,  or 
unroasted  condition.  Heating  the  pulp,  and  applying  agitation,, 
also  increase  speed  of  solution. 

At  the  Butte-Duluth  works  when  Dorr  machines  were 
employed,  it  is  stated  that  forty  minutes  contact  with  acid  solu- 
tion in  the  first  four  machines  gave  an  extraction  of  between  85 
and  90  percent.  In  the  original  experiments,  the  results  from 
which  led  to  introduction  of  Dorr  machines  at  this  plant,  it  was 
found  that  with  hand-screened  ten-mesh  product  about  ninety 
percent  of  the  copper  could  be  extracted  in  twenty  minutes.  Also 
less  iron  and  alumina  were  dissolved,  and  acid  consumption  was 
reduced. 

At  the  Bullwhacker  plant,  ore  carrying  two  to  four  percent 
copper,  when  ground  to  thirty  mesh  and  treated  in  a  Hendryx 
agitator,  is  said  to  have  given  up  97  to  98  percent  of  its  copper 
after  fifteen  minutes'  treatment.  When  ground  to  16-mesh,  the 
extraction  is  stated  to  have  been  92  to  95  percent. 

At  Anaconda,  in  percolating  roasted  sand-tailing  containing 
0.713  percent  copper,  treatment  lasted  six  days,  although  the 
material  percolated  very  readily. 

At  Ajo,  where  a  solvent  containing  ten  percent  or  more 
H2SO4  was  employed,  it  was  found  that  from  75  to  90  percent  of 
the  total  copper  could  be  extracted  by  the  first  application  of 
lixiviant  in  from  36  to  48  hours.  The  average  leaching  period 
was  three  days  eight  hours,  and  subsequent  washing  required 
ten  hours. 

In  the  Chuquicamata  experiments  the  leaching  cycle  com- 
prised six  days,  during  two  days  of  which  the  ore  was  under 
acid. 
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In  treating  a  garnetiferous  ore  carrying  considerable  chry- 
socoUa,  employing  a  six  percent  sulphuric  acid  lixiviant  and  agi- 
tating by  means  of  compressed  air,  86  percent  of  the  copper  was 
extracted  in  four  hours.  This  ore  had  been  ground  to  sixteen 
mesh  and  was  treated  without  being  roasted. 

PERCENTAGE  OP  EXTRACTION. 

It  has  been  observed  that  the  amount  of  metal  remaining  in 
tailing  resulting  from  treatment  of  low-grade  ore  is  apt  to  be  a 
very  constant  factor,  irrespective  of  the  value  of  the  original 
material.  This  explains  why  percentage  of  extraction  may  fall 
oflf  in  proportion  to  decrease  in  grade  of  ore.  Croasdale  found  in 
making  analyses  of  some  tailing  that  practically  all  the  copper 
remaining  in  it  was  in  soluble  form,  and  that  extremely  fine 
material  carried  more  copper  than  some  of  the  coarser  sizes. 
Washing  such  tailing  with  large  quantities  of  water  did  not 
remove  the  contained  copper,  even  when  the  presence  of  either 
copper  or  acid  was  not  indicated  in  the  final  washwater. 

Attention  has  been  repeatedly  called  to  the  fact  that  certain 
clays,  as  well  as  porous,  carbonaceous,  and  colloidal  substances, 
possess  the  power  of  extracting  metals  from  very  dilute  solutions. 
A  clay  (slime)  has  an  enormous  number  of  individual  particles, 
with  large  aggregate  surface,  within  small  space.  Sand,  on  the 
other  hand,  consists  generally  of  rounded  particles,  which  pre- 
sent the  least  amount  of  surface  compared  to  volume  of  mass. 
For  this  reason,  slime  tailing  is  apt  to  carry  more  metallic  salts 
than  is  sand-tailing ;  and  therefore  the  gangue  of  an  ore  must  be 
considered  in  respect  to  its  adsorption  qualities  as  well  as  its 
acid-consuming  properties. 

If  a  one-percent  aqueous  solution  of  copper  sulphate  be 
poured  upon  a  thin  layer  of  pure  kaolin,  the  filtrate,  after  some 
hours,  will  be  found  to  contain  very  little  copper.  At  one  time 
an  attempt  was  made  at  Butte  to  de-copper  the  mine  waters  by 
passing  them  through  clay  filters,  but  the  clay  used  was  not  suit- 
able to  the  purpose. 

As  an  example  of  percentage  of  extraction  obtained  in  leach- 
ing unroasted  porphyritic  ore  by  percolating  with  a  sulphuric 
acid  lixiviant,  the  Ajo  tests  may  again  be  referred  to.    In  this 
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instance  the  total  amount  of  copper  extracted  was  given  as  77.8 
percent.  Soluble  copper  remaining  in  the  tailing  was  14.7  per- 
cent, leaving  7.7  percent  as  insoluble. 

Another  instance  of  results  achieved  by  percolation-leaching 
is  derived  from  the  Chuquicamata  experiments,  where  89.6  per- 
cent was  claimed. 

At  Anaconda,  in  percolating  mill-tailing  sand,  the  results 
from  two  months'  operations  showed  copper  recovered  amounting 
to  85.4  percent,  and  silver  91.1  percent.  It  is  expected  that  under 
conditions  which  should  apply  in  a  large  plant  a  recovery  of  85 
percent  could  be  counted  upon,  with  a  probability  of  reaching 
86  or  87  percent.  This  would  leave  about  2  to  2.25  pounds  copper 
per  ton  of  tailing. 

In  investigating  the  relative  amounts  of  extraction  in  dif- 
ferent parts  of  a  vat  at  Anaconda,  samples  were  taken  from  the 
top  and  bottom  of  a  charge.  These  showed  in  one  case  a  lesser 
extraction,  amounting  to  seven  percent,  at  the  bottom  than  at 
the  top.  In  another  case  extraction  from  the  bottom  layer  was 
two  percent  less  than  from  the  top ;  and  in  a  third  instance  the 
results  were  reversed. 

Becoveries  obtained  by  leaching  with  agitation  instead  of 
percolation  are  given  below. 

Extractions  at  the  Butte-Duluth  plant,  since  the  introduc- 
tion of  the  Dorr  apparatus,  have  been  variously  reported  as  from 
85  to  90  odd  percent.  Herzig*  gives  some  interesting  details 
concerning  the  preliminary  experimental  tests  on  Butte-Duluth 
ore  with  the  Dorr  machines. 

Experimental  Dorr  Tests. 


CoDtact 

Strength 

Pulp 

assays 

with  acid 

Washing 

Extraction 

of  acid 

4-me8h.... 

2.98%  Cu. 

7.2     min. 

1.8    min. 

75.75% 

7.0% 

4-me8h.... 

2.52"    " 

36.0       * ' 

9.0       *' 

61.2    '< 

7.8'' 

9-me8h..., 

2.66'*    '* 

36.0       ' ' 

9.0       '* 

82.4    ** 

7.0'' 

9-mesh.... 

2.64*'    *' 

17.33     * ' 

4.33     '  * 

83.4    *' 

9.0" 

There  is  said  to  be  practically  no  colloidal  slime  in  this  ore, 
the  — 200  mesh  material  settling  reasonably  fast.  Of  the  total 
charge  about  13  percent  passed  off  as  slime  in  the  overflow  from 
the  first  Dorr  machine. 

*  Log.  cit. 
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At  the  BuUwhacker  plant,  where  the  Hendryx  agitator  is 
used,  97-  to  98-percent  extraction  is  said  to  have  been  effected  in 
fifteen  minutes  when  treating  30-mesh  material  assaying  2  to  4 
percent  copper.  With  16-mesh  pulp,  the  extraction  is  said  to 
have  been  92  to  95  percent.  From  another  source  it  was  learned 
that  when  continuous  decantation  was  tried  the  extraction  was  90 
percent  in  30  minutes. 

Mention  has  already  been  made  in  a  foregoing  section  of 
78.2  to  84.8  percent  extractions  having  been  obtained  from  gar- 
netiferous  ore  ground  to  sixteen  mesh  and  carrying  about  two 
percent  copper.  These  extractions  were  effected,  with  help  of 
air  agitation,  in  four  hours,  the  lixivium  being  remarkably  free 
from  iron.  The  same  ore  when  subjected  to  the  slower  perco- 
lation-treatment gave  up  its  iron  freely. 

When  lixiviant  is  left  in  contact  with  ore  after  free  acid  has 
disappeared,  some  of  the  copper  is  liable  to  be  precipitated. 

WA8HWATER. 

The  coarseness  of  pulp  undergoing  leaching  determines  the 
quantity  of  water  required  to  wash  out  valuable  solutions 
retained  in  the  pores  and  interstices.  To  wash  a  coarsely-ground 
ore-charge  requires  comparatively  little  water;  to  free  a  slime 
from  its  contained  liquors  necessitates  resort  to  continuous  decan- 
tation, or  filtering,  with  inevitable  accumulation,  or  wasting,  of 
washwater. 

Recourse  has  been  had  to  various  schemes  for  disposing  of 
accumulated  washwater.  In  arid  regions  advantage  is  some- 
times taken  of  rapid  evaporation  caused  by  climatic  conditions, 
and  liquors  are  allowed  to  flow  over  appropriately  constructed 
evaporating  frame-work.  In  other  places  a  definite  part  of  the 
washwater  is  run  to  waste  over  scrap  iron. 

At  Anaconda  it  was  found  that  to  effect  a  reasonably  good 
wash  of  mill-sand  after  lixiviation,  an  amount  of  w^ater  equiv- 
alent to  forty  percent  of  the  weight  of  the  sand  was  required. 

In  treating  4-mesh  porphyry  ore  at  Ajo  it  took  water 
amounting  to  fifteen  percent  of  the  weight  of  the  ore  (36  gal.  per 
ton)  to  fill  interstices  and  to  cover  charge  in  the  vat.  This  was 
in  addition  to  the  water  absorbed  by  the  ore,  which  was  eleven 
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percent  of  its  weight  (26.4  gal.  per  ton)  and  remained  with  the 
tailing.  The  total  washwater  used  per  ton  of  ore  treated  was  268 
gal.  (2238  1b.). 

At  the  Butte-Duluth  plant  the  washwater  used  in  the  last 
Dorr  machine  was  run  to  waste  over  scrap  iron. 

EEMOVAL  OF  TAILING. 

Where  leaching  is  done  by  percolation,  removal  of  tailing 
from  vats  constitutes  an  item  of  considerable  expense.  Sand 
tailing  will  not  run  by  gravity  unless  it  contains  a  high  percent- 
age of  water,  and  therefore  must  be  dug  out,  or  sluiced.  At 
large  lixiviation  works  special  machines  are  used  for  this  pur- 
pose, and  plows  constructed  of  cast  iron,  steel,  or  high  silicon 
iron  have  been  recommended. 

At  Anaconda  it  was  found  that  7,000,000  gallons  of  water  in 
24  hours  would  carry  away  all  the  tailing  which  two  men  could 
sluice  out  of  five  twelve-inch  gates  placed  in  the  bottom  of  a  vat. 
Probably  a  much  less  quantity  of  water  might  have  answered. 
The  greatest  difl5culty  was  experienced  at  the  start  when  the 
sand  caved  and  filled  the  holes.  It  was  found  that  two  men 
could  sluice  out  400  tons  of  sand-tailing  from  one  vat  in  about 
five  hours. 

At  the  Bismark  cyanide  mill  in  the  Black  Hills,  where  ore 
was  crushed  to  4-mesh  and  percolated  in  vats,  the  tailing  was 
shoveled  through  four  gates  in  the  vat  bottom.  To  discharge  a 
200-ton  vat,  and  tram  the  tailing  about  100  yards  to  the  dump, 
required  about  seven  hours. 

DISSOLVING  THE  SILVER. 

The  quantity  of  precious  metals  in  low-grade  copper-ore 
suitable  for  leaching  is  generally  negligible,  but  sometimes  the 
extraction  of  small  amounts  of  silver  and  gold  becomes  of  para- 
mount importance.  Many  methods  have  been  devised  with  this 
object  in  view,  some  of  which  have  been  applied  upon  a  com- 
mercial scale. 

At  Anaconda  the  mill-tailing  treated  carried  0.55  oz.  silver 
per  ton.  This  material  was  given  an  oxychloride  roast  in  a 
modified  ^IcDougall  furnace,  and  the  roasted  pulp  was  leached 
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with  strong  brine.  An  oxidizing  roast  alone  rendered  only  half 
of  the  silver  soluble,  and  the  copper  extraction  was  not  as  good 
as  when  oxychloride  roasting  was  employed.  The  recovery  of 
silver  by  this  means  was  93.4  percent  of  the  amount  in  the  orig- 
inal tailing. 

The  method  finally  adopted  for  removing  silver  from  the 
leached  pulp  was  simple  and  eflBcacious.  When  lixiviation  was 
finished,  and  washing  began,  a  quantity  of  salt  (NaCl),  amount- 
ing to  one  percent  of  the  weight  of  the  pulp,  was  spread  over 
the  top  of  the  charge  just  before  the  washwater  went  on.  The 
«trong  brine  traveling  down  through  the  charge  removed  prac- 
tically all  of  the  silver  chloride  remaining  from  the  previous 
lixiviation.  The  first  brine  flowing  from  the  vat  was  sent  to  the 
solution  reservoir,  to  replace  discarded  solution,  and  in  this  way 
very  little  salt  was  lost  in  the  washwater.  It  was  noticed  at 
Anaconda  that  the  silver  dissolved  as  AgCl  in  the  briny  lixiviant 
liad  a  tendency  to  precipitate,  to  some  extent,  on  the  lead  linings 
of  the  vats.  The  lead  became  rapidly  coated  and  precipitation 
of  silver  then  ceased. 

The  lixiviums  on  cooling,  or  upon  dilution  with  water, 
deposited  a  part  of  their  contained  AgCl,  and  some  of  this  sub- 
stance collected  in  the  bottom  of  the  solution  vat.  A  portion  of 
the  AgCl  was  precipitated  in  the  tailing  through  dilution  of 
the  residual  lixivium  by  washwater  in  washing. 

All  of  the  silver  in  the  leach  liquors  was  deposited  on  scrap- 
iron  in  the  precipitation  boxes. 

An  attempt  was  made  to  leach  the  roasted  mill-tailing  with 
sulphuric  acid  lixiviant  without  addition  of  salt,  to  ascertain 
whether  or  not  recovery  effected  in  this  way  would  warrant  run- 
ning the  resulting  liquors  to  waste  after  precipitating  the  copper. 
If  the  copper  could  be  dissolved  as  sulphate,  then  upon  applying 
salt  to  extract  silver,  the  amount  of  copper  still  to  be  taken  up 
would  be  comparatively  small.  As  less  iron  would  go  into  solu- 
tion, the  saline  liquors  would  be  freer  from  impurities ;  also  con- 
sumption of  salt  would  be  decreased.  It  was  found  that  only 
half  the  quantity  of  copper  was  dissolved  as  was  the  case  when 
using  a  briny  lixiviant,  and  that  more  time  was  required.  In 
this  connection  it  will  be  recalled  that  Hunt*  found  that  calcined 

*  Trans.  Am.  Inst,  of  Mining  Engineers,  Vol  X,  page  18. 
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sulphide  ore  contains  cuprous  compounds  which  are  insoluble 
in  water  or  sulphuric  acid,  yet  are  dissolved  by  a  strong  solution 
of  salt. 

Plattner  showed  that  gold,  like  silver,  is  chloridized  when 
pjTitous  ore  containing  it  is  roasted  at  a  low  red  heat  with  com- 
mon salt.  An  aurous  chloride  is  apparently  formed,  which,  in 
the  presence  of  chloride  of  sodium,  has  a  considerable  degree  of 
stability,  although  it  is  decomposed  at  high  temperatures.  This 
chloride  of  gold  is  insoluble  in  water  and  but  slightly  soluble  in 
brine.    It  is  readily  soluble  in  hyposulphite  of  soda  or  lime.* 

REMOVING  COPPER  FROM  SOLUTIONS. 

The  several  methods  of  precipitating  copper  from  liquors 
obtained  through  ore  lixiviation  may  be  considered  under  four 
heads : 

Electro-chemical  precipitation,  generally  by  means  of  some 
form  of  iron,  or  by  a  galvanic  couple. 

Chemical  precipitation,  using  some  reagent  capable  of 
throwing  down  copper  from  solution  in  an  insoluble  form. 

Electrolytic  deposition,  through  application  of  electric  cur- 
rent generated  by  a  dynamo. 

Deposition  of  a  copper  salt  by  means  of  alteration  of  pres- 
sure or  temperature. 

A  choice  of  one  or  other  of  these  methods  will  be  controlled 
by  local  conditions,  such  as  availability  of  some  particular  pre- 
cipitant in  the  place  where  it  is  to  be  used,  and  its  adaptability 
to  the  leaching  process  employed,  or  its  effect  upon  the  solutions. 

The  final  product  desired  may  also  have  influence,  as  the  choice 

« 

of  precipitants  will  be  narrowed  down  to  those  yielding  that 
product;  but  in  most  cases  the  necessity  for  selecting  a  reagent 
which  will  permit  re-use  of  the  lixiviant  on  a  fresh  batch  of  ore 
will  prove  to  be  the  deciding  factor. 

There  are  many  solvents  which  may  be  employed  for  bring- 
ing the  cupriferous  content  of  an  ore  into  solution,  and  the  first 
stage  of  the  treatment — ^that  is,  solution  of  the  metal — is  the  sim- 
plest. Even  separation  of  the  metal-bearing  liquors  from  the 
leached  pulp,  although  not  always  an  easy  operation,  still  pre- 
sents  mostly  mechanical   diflBculties.     Transferring   the   metal 

*  Trans.  Am.  Inst,  of  Mining  Engineers,  Vol.  X,  page  13. 
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from  its  dissolved  state  to  some  commercial  form,  without  sac- 
rificing the  lixiviant,  and  without  incurring  very  considerable 
expense,  is  a  more  difficult  matter. 

Probably  the  oldest  method  resorted  to  by  metallurgists  for 
depositing  copper  from  solution  was  passing  the  lixiviant  over 
metallic  iron,  and  it  has  been  recently  stated  that  this  is  the  only 
method  of  precipitating  the  metal  which  has  been  a  demon- 
strated success.  While  this  statement  is  correct  as  to  the  past, 
it  is  improbable  that  iron-precipitation  will  much  longer  hold  its 
supremacy,  even  in  the  case  of  sulphate  and  chloride  solutions 
overcharged  with  deleterious  salts.  There  are  means  of  bringing 
copper  into  solution  other  than  with  the  help  of  strong  mineral 
acids,  and  some  of  these  methods  are  not  without  promise.  Hydro- 
metallurgy  of  gold  and  silver  was  not  a  pronounced  success  as 
long  as  one  of  the  strongest  reagents  known — chlorine — ^was 
employed.  It  was  when  the  selective  action  of  a  weak  alkaline 
solvent  was  introduced  that  treatment  of  gold  and  silver  ores  by 
so-called  wet  methods  of  reduction  assumed  its  present 
importance. 

PRECIPITATION  WITH  IRON. 

Iron  has  been  employed  in  different  forms  for  precipitating 
copper.  Often  it  is  found  advantageous  to  use  up  accumulations 
of  old  scrap  or  discarded  tin  cans  for  this  purpose;  but  when 
such  material  is  not  available  in  sufficient  quantities,  cast  iron  in 
form  of  plates,  bars,  or  granules  has  been  used.  Precipitation 
of  copper  by  means  of  sponge-iron  was  formerly  known  as  the 
Aas  process,  and  is  described  in  the  Berg-  u.  Hiittenmannische 
Zeitung  for  1862. 

Iron  is  adapted  to  precipitation  of  copper  in  most  proc- 
esses, but  not  in  all.  The  advantages  in  its  use  are  extreme  sim- 
plicity, and  recovery  of  the  metal  in  a  concentrated  form.  One 
disadvantage  is  that  it  fouls  the  solutions,  so  that  portions  of 
these  must  be  discarded  when  it  is  desirable  to  return  them  to 
the  cycle  of  operations.  This  becomes  a  serious  objection  when 
valuable  reagents,  such  as  NaCl,  are  lost  in  the  wasted  liquors. 

At  Anaconda  it  was  found  necessary  to  discard  one  quarter 
of  the  solution  each  time  it  was  used,  to  obviate  excessive  accumu- 
lation of  ferrous  sulphate. 
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Experience  gained  at  the  Gumeshevesky  mine  (Russia)  indi- 
cated that  granulated  cast-iron  is  very  much  better  than  plates 
©f  the  same  material  for  precipitating  copper.  Granulated  iron 
has  a  larger  surface  per  pound  of  material,  and  as  it  can  be  used 
in  rotating  trommels,  the  granules  are  kept  bright  through  attri- 
tion. This  produces  rapid  action,  and  saves  labor  entailed  in 
cleaning  plates  and  pieces  of  scrap. 

Granulated  iron  can  be  produced  by  shattering  a  small 
stream  of  molten  iron  by  means  of  a  steam  jet  and  cooling  the 
granules  in  water.  At  Ajo  a  tube  mill  was  employed  for  pre- 
cipitating the  copper.  With  a  neutral  solution,  one  pound  of 
copper  was  precipitated  per  pound  iron  consumed.  The  pre- 
cipitate assayed  73.6  to  86.8  percent  copper. 

At  Anaconda  sponge-iron  was  found  to  possess  advantages 
over  scrap,  and  it  affords  independence  of  the  scrap-iron  market. 
It  can  be  made  from  calcines  which  contain  about  fifty  percent 
iron.  The  reduction  of  ferric  oxide  begins  at  420^  F.  (216°  C.) 
and  is  completed  at  1075°  F.  (580°  C).  With  ferrous  oxide, 
reduction  begins  at  1300°  F.  (704°  C).  Croasdale  states  that  it 
is  feasible  to  metallize  calcines  for  use  in  copper  precipitation  for 
about  $5.00  per  ton  of  metallic  iron. 

Experience  has  shown  that  retorts  and  muffle  furnaces  are 
not  adapted  to  making  sponge-iron.  Experiments  with  the 
Wedge  roasting  furnace  at  Douglas  (Arizona)  and  with  a  Mc- 
Dougall  roasting  furnace  at  Anaconda  were  unsatisfactory. 
There  is  some  diflference  of  opinion  as  to  the  relative  merits  of 
continuous  furnaces  and  the  intermittent  type.  After  consider- 
able experimenting,  the  Bruckner  furnace  was  adopted  for  this 
purpose  at  Anaconda,  where  twenty  tons  of  sponge-iron  were 
made  per  diem  with  a  cylinder  8.5  by  12  feet.  Fuel  consumption 
was:  coal,  forty  percent  of  weight  of  calcine,  in  addition  to 
twenty  gallons  of  fuel-oil.  The  best  results  were  attained  at  a 
temperature  of  1680°  to  1700°  F.  (916°  to  930°  C).  One  pound 
of  copper  was  precipitated  by  1.5  pounds  of  this  sponge-iron. 

At  Anaconda  the  lixivium  from  the  80-ton  experimental 
leaching  plant  averaged:  Cu,  1.91%;  FcgOs  +  AlgOg,  3.88%; 
NaCl,  8.3% ;  Ag,  0.634  oz.  It  was  not  found  economical  to 
increase  the  copper  content  of  the  lixivium  much  above  the  per- 
centage given.     At  30°  C.   (86°  F.)  this  solution,  carrying  0.7 
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percent  H2SO4,  was  reduced  by  clean  fresh  iron  to  about  0.1 
percent  copper,  when  circulating  at  the  rate  of  8  to  10  gal.  per 
minute  through  150  feet  of  launders.  The  launders  were  3  ft. 
wide  by  2.5  ft.  deep,  and  had  false  bottoms  4  in.  above  floor. 
There  was  a  settling  tank  at  the  end  of  the  launders.  The  cop- 
per did  not  attach  itself  to  wrought  iron  and  therefore  this  did 
not  have  to  be  cleaned,  but  with  cast-iron  scrap  a  layer  of  metal 
quickly  formed,  necessitating  brushing  and  scraping  before  the 
iron  was  fit  for  further  use.  About  1.15  pounds  of  iron  were 
consumed  per  pound  of  copper  thrown  down.  The  precipitate 
assayed  75  to  85  percent  copper.  After  testing  at  these  works 
various  methods  of  precipitation,  preference  was  given  to  the 
use  of  sponge-iron. 

Iron  replaces  copper  which  is  in  solution  as  sulphate,  because 
of  its  greater  solution  pressure.  After  copper  has  begun  to 
deposit  on  iron,  innumerable  small  galvanic  couples  are  formed, 
which  further  precipitation  of  metal  from  solution.  The  .action 
set  up  between  members  of  a  galvanic  couple  is  the  more  intense 
the  further  the  elements  are  apart  in  the  Volta-tension  series, 
though  this  is  influenced  by  the  character  of  the  liquor  in  which 
they  are  immersed.  As  carbon  is  closer  to  the  negative  end  of 
the  series  than  copper,  therefore  the  effect  of  an  iron-carbon 
couple  is  more  energetic  than  iron-copper.  If  coke  is  placed  in 
contact  with  iron  in  the  precipitating  boxes,  copper  is  taken  out 
of  the  liquor  in  a  much  shorter  time  than  where  iron  alone  is 
employed. 

Precipitation  of  copper  by  means  of  natural  and  artificial 
sulphides  has  been  described  by  Croasdale;*  but  experiments 
carried  out  at  Ajo,  using  sulphides  of  iron,  were  not  successful, 
due  in  a  measure  to  tardiness  of  reactions. 

CHEMICAL  PRECIPITATION. 

The  opinion  is  held  by  some  metallurgists  that  chemical  pre- 
cipitation of  copper,  which  has  been  obtained  in  soluble  form 
through  leaching  ore,  will  eventually  be  the  means  adopted  in 
operations  of  this  nature,  in  cases  where  electrolysis  is  not 
applicable.  One  objection  to  precipitation  of  copper  through 
chemical  reagents  is  that  such  methods  generally  produce  an 

•  Enjf.  and  Mg.  Journal,  April  11,  1914. 
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intermediate  product   from  which  commercial  metal  must  be 
subsequently  recovered  at  further  expense. 

Hydrogen  sulphide  may  be  taken  as  an  example  of  a  chemi- 
cal reagent  which  has  often  been  employed  for  removing  copper 
from  lixivium.  It  possesses  such  manifest  advantages  as  a  pre- 
cipitating agent  that  recourse  has  been  had  to  it  repeatedly ;  still 
that  method  of  precipitation  has  no^  developed  in  this  country 
on  a  large  scale ;  and  its  use  presents  admitted  difficulties.  Nev- 
ertheless it  has  been  found  possible  to  precipitate  copper  from 
weak  solutions  with  the  help  of  hydrogen  sulphide  gas,  when 
precipitation  by  iron  was  no  longer  commercially  profitable.  In 
another  instance^  hydrogen  sulphide  gas  was  regularly  employed 
in  precipitating  copper  from  mine  waters  carrying  0.1  to  0.15 
grams  copper  to  the  litre.  In  this,  as  in  many  other  chemical 
processes,  much  depends  upon  applying  the  reagent  in  a  manner 
suitable  to  the  object  to  be  attained. 

An  advantage  which  hydrogen  sulphide  passesses  is  that  it 
does  not  carry  undesirable  elements  into  the  leaching  liquors,  as 
is  the  case  with  iron;  at  the  same  time  it  sets  free  (regenerates) 
the  acid  which  was  combined  with  copper  in  the  lixivium.  When 
copper  is  present  as  sulphate,  theoretically  hydrogen  sulphide  gas 
liberates  1.55  pounds  H2SO4  for  every  pound  of  copper  thrown 
down  as  CuS,  thereby  regenerating  the  acid  lixiviant  in  a  simple 
and  effective  manner.  Copper  sulphide  settles  readily  from  solu- 
tions and  may  be  filter-pressed,  bricked  and  smelted,  or  manu- 
factured into  blue-vitriol.  Copper  sulphide  contains  66.5  per- 
cent copper,  which  will  average  fairly  well  with  cement  copper 
obtained  through  precipitation  with  iron. 

Experiments  made  at  Anaconda,  using  hydrogen  sulphide 
gas  as  precipitant  for  copper,  gave  inferior  results  as  compared 
with  sulphur  dioxide  and  sponge  iron,  largely  owing  to  inef- 
ficient absorption  of  the  gas.  From  description  of  the  methods 
used  in  applying  the  reagent,  and  of  manufacturing  the  gas,  it 
seems  possible  that  a  different  conclusion  might  have  been 
reached  with  further  experimentation.  The  gas  was  generated  in 
a  lead-lined  drum  through  the  action  of  sulphuric  acid  on  iron 
matte  ground  to  4-mesh,  2.4  pounds  of  acid  being  required  to 
generate  gas  for  precipitating  one  pound  copper.  Percentage  of 
efficiency  for  acid  was  about  62  percent — ^for  FeS,  about  54.    The 
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gas  was  passed  through  3.5  feet  of  cupriferous  solution  in  large 
bubbles.  Filter-pressed  cakes  of  precipitate  carried  48  percent 
moisture.  The  dried  material  assayed:  Cu,  58%  ;  S,  29% ;  Ag, 
69.5  oz. ;  Au,  0.04  oz.  A  point  mentioned  in  favor  of  employing 
matte  in  generating  hydrogen  sulphide  is,  that  its  copper  content 
is  enriched  by  removal  of  iron  and  sulphur. 

There  are  other  ways  of  generating  hydrogen  sulphide  gas 
commercially.  Among  these  is  decomposition  of  wet  calcium  sul- 
phide by  means  of  carbonic  acid  gas,  and  another  is,  passing  pro- 
ducer gas  over  heated  pyrites.  In  the  latter  process  the  ignited 
carbonic  oxide  gas  attacks  the  pyrites,  sulphur  combining  in  part 
with  free  hydrogen  produced  through  decomposition  of  steam,  in 
part  with  the  hydrogen  of  the  hydrocarbons.  Carbon  is  set  free. 
Illuminating  gas  has  been  used  in  the  same  way  as  producer  gas. 

Different  methods  have  been  suggested  for  bringing  cuprif- 
erous solutions  and  hydrogen  sulphide  gas  into  effective  contact. 
Passing  large  bubbles  through  the  liquors  does  not  produce  good 
results.  Croasdale  proposes  the  use  of  a  porous  diaphragm  (bur- 
laps, or  perforated  sheet  lead,  or  silica  sponge)  and  allowing 
small  bubbles  of  gas  to  pass  through  a  shallow  stream  of  solu- 
tion three  inches  deep  (not  over  six  inches).  He  considers  a 
launder  with  shallow  stream  more  efficient  than  a  vat. 

Other  methods  have  been  tried  and  appear  to  have  given  sat- 
isfaction. For  instance,  a  tower  provided  with  shelves,  which 
permit  cupriferous  liquors  introduced  at  the  top  to  trickle  down 
through  an  atmosphere  of  hydrogen  sulphide  gas,  may  be  advan- 
tageously used  for  precipitating  purposes.  All  escape  of  the  gas 
is  shut  off  as  the  top  is  hydraulically  sealed,  as  well  as  the  bot- 
tom, and  copper  is  rapidly  removed  from  the  liquors  as  they  fall 
down  from  shelf  to  shelf.  The  metal  is  said  to  be  wholly  pre- 
cipitated from  solutions  before  the  bottom  is  reached.  The 
tower  is  connected  above  and  below  with  the  hydrogen  sulphide 
generating  apparatus.  With  regard  to  use  of  hydrogen  sulphide 
gas,  it  might  be  incidentally  mentioned  that  in  case  of  poisoning, 
alcoholic  stimulants,  or  wine,  should  be  administered.  Hydrogen 
sulphide  causes  the  blood  to  flow  slowly:  alcohol  as  a  stimulant 
counteracts  this  effect. 

Another  gaseous  reagent  which  has  a  number  of  advocates, 
and  is  adaptable  to  removal  of  copper  from  solution,  is  sulphur 
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dioxide.  Precipitation  with  this  reagent  is  based  upon  the  fact, 
that  when  copper  sulphate  is  heated  in  a  closed  vessel  under 
pressure,  in  presence  of  sulphur  dioxide,  the  copper  salt  is 
reduced  to  metallic  copper  and  sulphur  dioxide  is  oxidized  to 
sulphuric  acid.  Recovery  percentage  of  the  copper  increases  with 
temperature,  and  decreases  as  concentration  rises.  It  is  not  nec- 
essary that  copper  should  be  present  as  sulphate ;  chloride  solu- 
tions are  also  amenable  to  this  method  of  recovery. 

The  Weidlein  process*  is  based  on  reduction  of  cupric  sul- 
phate by  means  of  sulphur  dioxide  gas,  and  has  been  for  some 
time  under  investigation  at  Wabuska  (Nevada)  ;  but  results  have 
not  yet  been  made  public. 

The  best  account  of  recent  experimental  work,  in  the  way  of 
precipitating  copper  from  solutions  by  means  of  sulphur  dioxide 
gas,  is  that  given  by  Messrs.  Laist  and  Frick.f  These  tests  were 
carried  out  at  Anaconda,  and  the  results  are  set  forth  with  a 
wealth  of  instructive  detail  characteristic  of  the  source  from 
which  it  comes. 

The  lixivium  used  in  these  precipitating  tests  carried  its 
copper  and  silver  as  chlorides  in  a  briny  solution.  The  gas  con- 
tained ten  percent  by  volume  of  sulphur  dioxide  and  was  drawn 
from  a  McDougall  roaster.  The  best  results  were  obtained  when 
the  cold  lixivium  was  saturated  with  sulphur  dioxide  gas  under 
a  pressure  of  15  lb.  per  sq.  in.,  and  the  saturated  liquor  then 
heated  under  20  lb.  pressure.  After  a  short  boiling  it  was  cooled 
to  60°-70°  F.  (16°-21°  C).  The  white  crystalline  cuprous 
chloride  separated  readily. 

In  this  process  the  theoretical  equivalent  of  1.55  lb.  of  IIjSO^ 
should  be  recovered  for  each  pound  of  copper  precipitated  as 
CugClj;  but,  as  a  matter  of  fact,  2  lb.  to  2.5  lb.  acid  were  pro- 
duced, due  to  reduction  of  ferric  salts  and  catalytic  action  of 
Cu^Cl^. 

Results  from  a  number  of  500-lb.  runs  are  tabulated  in  the 
original  paper,  showing  an  extraction  of  81.75%  copper,  with 
tail  solution  carrying  3.91%  H2SO4,  obtained  from  a  lixivium 
containing  2%  copper  and  0.5%  H2SO4.  Extraction  of  silver 
was  100  percent. 

♦  U.  S.  patent  No.  1,089,096,  March  3,  1914. 

t  Trans.  Am.  Inst.  Mining  Engineers,  Salt  Lake  meeting,  1914. 
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Precipitation  from  Anaconda  solutions  by  means  of  sulphur 
dioxide  gas  was  found  to  present  no  diflSculties,  and  it  was 
thought  that  copper  could  be  recovered  by  this  method  for  about 
$10.00  per  ton,  without  allowing  credit  for  regenerated  acid. 
The  main  expense  incurred  was  in  heating  the  liquors.  However, 
under  local  conditions,  simple  precipitation  by  means  of  sponge 
iron  was  thought  to  present  advantages  over  the  use  of  sulphur 
dioxide,  and  so  experimentation  with  the  latter  process  was  aban- 
doned. Where  electrolysis  cannot  be  used  owing  to  high  cost  of 
power,  rapid  fouling  of  solutions,  or  presence  of  chlorides,  it 
was  thought  that  precipitation  by  means  of  sulphur  dioxide 
might  be  a  good  alternative.  The  process  was  found  to  be 
entirely  practicable. 

In  the  original  paper,  figures  are  given  showing  that  by  roast- 
ing 100  tons  of  certain  sulphide  concentrate,  about  80  tons  of 
sulphur  dioxide  gas  would  be  obtained.  Fifty  tons  of  this  gas 
could  be  absorbed  in  treating  copper  solution,  and  this  will  pre- 
cipitate about  100  tons  of  copper  in  form  of  cuprous  chloride. 
The  iron  in  the  roasted  concentrate,  when  converted  into  sponge 
iron  with  copper  equivalent  of  0.8  to  0.9  on  CugClj,  could  be 
used  to  recover  metallic  copper  from  the  CujClj.  Theoretically, 
0.44  lb.  pure  iron  are  required  per  lb.  copper  precipitated  from 
CUjClj. 

Depositing  copper  from  solutions  as  cuprous  chloride  by 
means  of  sulphur  dioxide,  followed  by  treatment  of  the  precipi- 
tate with  sponge  iron,  makes  an  effective  combination.  The 
advantages  are:  utilization  of  roaster  gases;  economy  in  iron 
used  for  precipitation,  by  extracting  it  from  roasted  material; 
and  recovery  of  copper  from  solutions  in  concentrated  form. 

As  another  possible  chemical  reagent  for  precipitation  of 
copper,  reference  is  made  to  the  statements  of  Mr.  Claude 
Vautin,*  who  calls  attention  to  a  new  application  of  ammonia  for 
this  purpose.  Mr.  Vautin  states  that  sulphate  of  copper  liquor, 
treated  by  ammonia  according  to  a  certain  method  of  procedure 
(not  given),  yields  its  copper  as  precipitate  in  form  of  basic  sul- 
phate, which  is  easily  collected,  washed,  and  dealt  with  for  metal 
recovery. 


Bull.  Inst.  Mining  and  Metallurgy,  May  21,  1914. 
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ELECTRICAL  DEPOSITION  OF  COPPER. 

Just  what  part  electrolysis  is  destined  to  play  in  removal 
of  copper  from  cupriferous  lixiviums  on  a  commercial  scale  has 
not  yet  been  definitely  determined.  Much  can  be  said  in  favor 
of  applying  this  means  of  extracting  the  metal  after  it  has  been 
brought  into  soluble  form ;  but,  on  the  other  hand,  several  promi- 
nent metallurgists  consider  the  problems  involved  so  serious  that 
they  have  turned  to  other  means  of  precipitation.  The  subject  is 
worthy  of  further  study  on  the  part  of  those  equipped  for  such 
investigations. 

Whereas  electrolytic  refining  is  now  applied  on  an  enormous 
scale,  and  electrolytic  extraction  at  first  thought  appears  to  be 
a  very  similar  operation,  still  conditions  under  which  the  two 
processes  are  carried  out  are  very  different.  In  electrolytic  refin- 
ing the  metallic  content  of  the  bath  is  kept  practically  constant : 
metal  is  merely  transferred  from  anode  to  cathode  with  small 
expenditure  of  power.  In  electrolytic  extraction,  metal  is  being 
constantly  removed  from  a  complex  electrolyte,  with  important 
alterations  in  factors  which  affect  passage  of  the  electric  current. 

Means  for  remedying  the  diflBculties  encountered  in  applying 
electrolysis  to  extraction  of  metal  from  cupriferous  solutions  are 
being  sought,  and  some  success  has  been  reported.  The  old  idea 
of  attempting  to  extract  all  the  copper  from  an  electrolyte  has 
been  abandoned,  and  metallic  content  of  the  liquors  is  now  held 
at  a  more  or  less  constant  point  by  rapid  circulation  through  both 
ore-leaching  vats  and  electrolytic  cells.  In  this  manner  it  is 
attempted  to  take  up  copper  from  the  ore  as  fast  as  it  is  deposited 
on  the  cathodes.  As  far  as  known,  this  method  was  first  applied 
on  a  commercial  scale  at  the  Butte-Duluth  plant. 

As  a  much  greater  expenditure  of  power  is  required  to 
extract  copper  from  cupriferous  solutions  than  to  refine  copper 
anodes,  it  has  been  attempted  to  counterbalance  this  difficulty  by 
introducing  depolarizers  into  the  electrolyte.  Mr.  R.  R.  Good- 
rich* mentions  the  fact,  that  when  sulphur  dioxide  gas  is  used  as 
a  depolarizer  in  electrolyzing  copper  sulphate  solution,  the  theo- 
retical voltage  required  to  operate  the  cell  figures  out  as  a  nega- 
tive quantity   ( — 0.15  volt).     To  quote  from  Mr.   Goodrich's 

•  Bull.  Am.  Electrochemical  Soc,  New  York  meeting.  April,  1914. 
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paper:  *'This  would  indicate  that  with  such  a  current  density 
as  to  secure  anode  eflBciency  of  100  percent,  if  this  could  be 
realized,  the  electrolytic  cell  would  no  longer  require  an  impressed 
voltage,  but  would  become  a  primary  cell'*.  That  something 
more  than  theoretical  calculations  has  been  accomplished  along 
these  lines,  is  evidenced  from  the  statement  made  by  Mr.  L. 
Addicks.f  Mr.  Addicks  reports  that  at  Douglas  (Arizona),  using 
carbon  anodes  and  ferrous  sulphate  as  a  depolarizer,  eighty-per- 
cent current  eflBciency  has  been  achieved,  with  about  2.5  lb. 
cathode  copper  deposited  per  kilowatt-hour.  To  produce  such 
results,  probably  very  low  current  density  was  employed;  and 
this  raises  the  question  of  size  and  cost  of  plant  necessary  to 
yield  a  given  quantity  of  cathode  copper  under  these  conditions. 

Important  factors  in  electrolytic  deposition  of  copper  are: 
cost  of  power;  material  for  anodes;  and  composition  of  electro- 
lyte. These  subjects  will  be  taken  up  separately  further  down ; 
but  with  reference  to  composition  of  electrolyte  it  can  be  men- 
tioned here  that,  as  far  as  reported,  electrolysis  of  cupriferous 
chloride  solutions  has  not  yet  been  successfully  carried  out  on  an 
extended  scale.  Presence  of  chlorides  in  sulphate  solutions 
undergoing  electrolysis  has  repeatedly  caused  trouble.  Chlorine 
may  get  into  the  electrolyte  through  presence  of  soluble  chlorides 
in  ore,  or  in  the  water  employed.  It  was  largely  owing  to  dif- 
ficulties encountered  in  electrolyzing  chloride  solutions  that  this 
method  of  treatment  was  not  considered  at  Anaconda.  At  Chu- 
quicamata  electrolysis  will  be  the  method  adopted  for  precipitat- 
ing copper;  and  as  the  lixivium  carries  considerable  chlorine,  it 
is  proposed  to  free  the  solutions  from  this  element,  before  sending 
them  to  the  electrolytic  cells,  by  treatment  of  the  neutral  lixiviant 
with  metallic  copper  in  rotating  cylinders. 

Solutions  derived  from  leaching  low-grade  ore  usually  carry 
only  a  small  quantity  of  copper,  and  practical  diflBculties  are 
encountered  in  trying  to  increase  the  content.  Weak  cupriferous 
solutions  offer  much  resistance  to  passage  of  electric  current,  and 
it  has  been  largely  owing  to  commercially  unsuccessful  attempts 
made  to  electrolyze  such  solutions  that  this  method  of  recovering 
copper  has  not  met  with  more  favor.  A  practical  way  out  of  this 
diflBculty  would  seem  to  be  chemical  precipitation  of  the  metal 

t  Eng.  and  Mg.  Journal,  January  9,  1915,  page  92. 
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from  weak  lixivium,  followed  by  electrolysis  of  the  precipitate 
thus  obtained.  Several  ways  of  accomplishing  this  have  been 
tried,  and  others  naturally  suggest  themselves. 

COMPOSITION  OF  THE  ELECTROLYTE. 

Sulphate  lixiviums  drawn  from  leaching  vats  for  treatment 
in  electrolytic  cells  have,  usually,  small  copper  content.  The 
average  lixivium  will  probably  not  exceed  two  percent  copper, 
when  washwater  is  included.  Sulphate  lixivium  appears  to  reach 
a  point  of  saturation  for  copper,  and  then  to  take  up  other  ele- 
ments with  more  avidity  than  the  copper.  An  illustration  of  this 
phenomenon  was  shown  in  some  leaching  tests  made  on  a  gar- 
netiferous  ore  with  help  of  air  agitation.  It  was  found  that  after 
two-hours'  treatment  the  lixivium  carried  1.4  percent  copper: 
continuing  agitation  another  two  hours  (four  hours  in  all) 
raised  copper  content  of  the  lixivium  only  to  1.5  percent.  In 
another  instance,  when  a  stronger  acid  lixiviant  was  employed, 
the  lixivium  contained  2.6  percent  copper  at  end  of  two  hours' 
agitation,  but  lost  copper  in  the  second  period  of  two  hours, 
although  free  acid  in  the  lixiviant  was  still  above  five  percent. 
Copper  was  evidently  precipitated  by  ingredients  contained  in 
the  charge,  and  in  a  form  which  was  not  soluble  in  sulphuric 
acid. 

In  percolating  ore  with  sulphuric  acid  lixiviant,  a  number 
of  bases  are  taken  up  by  the  solvent,  which  complicate  subsequent 
electrolytic  extraction.  Foremost  among  disturbing  elements  is 
iron.  As  everyone  knows,  who  has  had  experience  in  electrolyz- 
ing  ferruginous  copper-sulphate  solutions,  ferrous  iron  is  oxi- 
dized to  the  ferric  state  at  the  anodes,  which  is  again  reduced  to 
ferrous  condition  at  the  cathodes.  These  reactions  give  rise  to 
great  waste  of  current  when  iron  salts  exist  in  the  electrolyte  in 
considerable  quantities  without  presence  of  a  reducing  agent. 

To  deposit  copper  in  metallic  form  by  electrolysis  from  sul- 
phate solution,  oxygen  is,  of  course,  liberated  at  the  anode,  and 
this  oxygen  will  necessarily  combine  with  any  element  present 
which  is  susceptible  of  being  raised  from  a  low  to  a  higher  oxide. 
For  this  reason  iron  may  be  used  as  a  depolarizer,  provided  it 
can  be  kept  in  the  ferrous  condition.  This  may  be  done  by  charg- 
ing the  electrolyte  with  sulphur  dioxide  gas. 
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Addicks*  has  called  attention  to  the  use  of  lixiviants  (as 
well  as  electrolytes)  charged  with  suf&eient  quantities  of  impuri- 
ties to  restrict  solution  of  additional  salts  of  like  nature  in  ore 
leaching.  Addicks  states  that  electrolytes  carrying  as  high  as 
seven  percent  AlgOg  have  been  employed,  and  that  solutions  con- 
taining three  percent  AljO,  and  three  percent  iron  give  no 
trouble  in  depositing  copper  under  conditions  specified.  It  is 
assumed,  (although  not  so  stated  by  Mr.  Addicks)  that  this  iron 
is  kept  in  the  ferrous  state  by  some  reducing  agent  present  in 
the  electrolyte,  thus  eliminating  danger  from  action  of  the  ferric 
salt  at  the  cathode.  The  lixiviant  therefore  acts  in  the  ore- 
leaching  vats  by  virtue  of  its  contained  aluminum  sulphate  (prob- 
ably assisted  by  free  acid),  and  as  aluminum  sulphate  is  not 
affected  as  are  iron  sulphates  by  conditions  prevailing  in  copper 
deposition,  no  trouble  is  experienced  from  this  source  in  the  elec- 
trolytic cells.  Kerl  mentioned,  fifty  years  ago,  aluminum  sul- 
phate as  a  solvent  in  leaching  copper  ore ;  and  recently  a  German 
patent  was  taken  out  for  a  process  designed  for  copper  extrac- 
tion, the  basis  of  which  is  successive  applications  of  aluminum 
sulphate  and  sulphuric  acid.  Copper  is  then  recovered  from  the 
lixivium  in  sulphate  form  by  evaporation  and  crystallization, 
whereby  a  commercial  product  is  obtained  without  help  of  chemi- 
cal precipitation  of  electrolysis. 

At  Ajo  the  porphyritic  ore  which  was  subjected  to  leaching 
contained  on  the  average  1.45%  Cu,  14.3%  Al^Oj,  and  4.2%  Fe. 
From  this  was  derived  a  nearly  neutral  lixivium,  which  varied 
between  2.22%  and  2.9  %>  Cu,  0.47%  and  0.73%  AI2O3,  and 
0.42%  and  0.70%  Fe.  The  liquors  were  sent  to  precipitation 
boxes  and  run  over  iron. 

At  the  Butte-Duluth  plant  lixivium  from  the  Dorr  machines 
which  was  sent  to  the  electrolytic  cells  is  said  to  have  assayed 
about  six  percent  free  acid  and  from  four  to  six  percent  copper. 
It  left  the  cells  containing  about  eight  percent  free  acid,  and 
from  1.5  to  2.0  percent  copper.  The  solutions  were  then  brought 
up  to  ten  percent  free  acid  and  pumped  back  to  storage  tanks, 
from  which  they  again  flowed  on  the  ore.  By  this  method  cop- 
per content  of  electrolyte  was  constantly  renewed  through  extrac- 
tion of  fresh  metal  from  the  ore.    Thus  advantage  is  taken  of  the 

*  Bull.  Trans.  Am.  Inst,  of  Mining  Engineers,  Salt  Lake  meeting,  1914. 
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well-known  facts,  that  the  richer  the  copper  content  of  electro- 
lyte, and  the  more  rapidly  it  is  circulated,  the  better  are  the 
results  obtained  for  power  expended.  This  is  to  be  expected,  for 
by  these  means,  supply  of  copper  ions  to  the  cathodes  is 
facilitated. 

In  preliminary  tests  made  on  Chuquicamata  ore,  after  more 
than  a  year's  work  with  the  same  solution  (discarding  only 
enough  to  take  care  of  excess  acid),  the  following  impurities  were 
found  to  be  present  :• 

Grams  to  Litre. 

Fe 3.71 

MgO    3.32 

A1,0,  1.61 

Na.0  21.0 

K,0  5.0 

HNO3    4.0 

CaO  0.8 

This,  it  is  assumed,  would  represent  the  electrolyte  after 
passing  through  the  cells,  if  copper  content  and  sulphuric  acid 
were  added. 

At  Chuquicamata  the  electrolyte  will  enter  the  first  deposit- 
ing cell  containing  about  five  percent  copper  and  2.5  to  3.0  per- 
cent free  acid.  It  will  leave  the  last  cell  of  cascade  carrying  1.5 
percent  copper  and  from  eight  to  nine  percent  free  acid. 

ELECTRODES. 

Electrodes  used  in  depositing  copper  from  sulphate  solutions 
have  been  constructed  in  various  shapes  and  from  different  mate- 
rials. In  the  most  common  type  of  cell,  plain  sheets  are  hung 
vertically  in  rectangular  tanks,  imitating  electrolytic  refining 
practice.  But  also  movable,  and  fixed,  horizontal  electrodes,  as 
weU  as  rotating  anodes  and  cathodes,  have  been  used.  Each 
type  of  cell  presents  certain  advantages. 

A  primary  requisite  in  an  electrolytic  cell  is  to  bring  copper 
ions  into  contact  with  the  electrolyte  as  rapidly  as  possible.  Evi- 
dently in  effecting  this,  circulation  of  electrolyte  must  be  brought 

*  E.    A.    Cappelen-Smith,    Eng.    and    Mg.    Journal,    April    25,    3914, 
page  865. 
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about  by  some  means.  If  circulation  is  produced  by  accelerating 
flow  of  electrolyte  through  the  cells,  the  plates  are  usually  hung 
vertically  and  parallel  with  the  course  of  the  stream.  Other 
arrangements  of  vertical  electrodes  have  been  suggested,  with  the 
object  of  forcing  the  liquors  against  the  faces  of  the  plates,  and 
of  preventing  accumulations  of  partially  electrolyzed  solution  in 
the  path  of  the  electric  current. 

Moving  horizontal  anodes  have  been  advocated  from  time  to 
time,  both  at  home  and  abroad,  and  patents  have  been  obtained 
for  such  apparatus.  One  of  the  objects  aimed  at  in  such  cells  is 
to  shake  off  the  oxygen  bubbles  as  they  form,  and  thereby  reduce 
the  oxidizing  and  polarizing  effects  of  that  gas.  Agitation  of 
electrolyte  is  also  produced,  and  if  the  cathode  is  placed  below 
the  anode,  the  heavier  (cupriferous)  part  of  the  solution  collects 
where  it  is  most  desired  to  have  it.  Cells  of  this  type  have  been 
experimented  with  considerably  in  this  country.  Siemens  & 
Halske  employed  a  cell  with  horizontal  electrodes  in  the  process 
bearing  the  name  of  that  firm. 

Cells  embodying  the  principle  of  rotating  electrodes  have 
frequently  appeared.  Electrodes  can  be  rotated  at  any  desired 
speed,  bringing  about  a  most  efficient  contact  between  cathodes 
and  copper  ions.  It  is  remarkable  with  what  high  current  density 
and  power  efficiency  such  cells  can  be  operated.  In  some  cells  of 
this  character  centrifugal  action  plays  an  important  part. 

Action  of  rotating  cathode  with  respect  to  physical  prop- 
erties of  the  deposited  copper,  speed  of  rotation,  current  density 
permissible,  current  efficiency,  etc.,  have  been  discussed  in  a 
paper  read  before  the  American  Electrochemical  Society  by  Mr. 
C.  W.  Bennett.*  Another  paper  on  the  same  subject  (** Rapid 
Refining  of  Copper  with  a  Rotating  Cathode")  was  read  before 
the  same  society  by  Messrs.  Bennett  &  Brown  at  the  meeting  of 
the  society  in  September,  1913. 

In  regard  to  material  from  which  electrodes  are  made, 
copper  sheets  are  usually  employed  for  cathodes.  These,  called 
starting  sheets,  are  generally  made  at  the  works.  At  the  Butte- 
Duluth  plant  the  cathodes  are  copper  sheets  measuring  two  feet 
by  three  feet,  and  weigh  at  the  start  between  two  and  three 
pounds.     There  are  640  of  these  sheets  in  the  cells,  and  it  is 

•  Trans.  Am.  Electrochem.  Soc,  Vol.  XXI,  pp.  253-274. 
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expected  to  deposit  from  eight  to  ten  pounds  of  copper  on  each 
sheet  daily. 

For  anode  material  various  substances  have  been  experi- 
mented with— ordinary  commercial  lead,  lead-antimony  alloys, 
carbon,  graphitized  carbon,  and  fused  magnetite.  Each  has  its 
advocates. 

Lead  anodes  are  more  or  less  corroded  through  oxygen  set 
free  at  that  electrode  by  the  current.  A  scale  of  brown  peroxide 
of  lead  forms  which  in  a  measure  protects  the  metal  from  further 
oxidation.  As  this  substance  is  a  fairly  good  conductor  of  elec- 
tricity (much  better  than  graphite),  it  does  not  seriously  inter- 
fere with  the  process.  When  sulphur  dioxide  is  used  in  the  bath 
as  a  reducing  agent,  no  PbOj  is  deposited  on  the  anodes,  but  in 
its  place  a  coating  of  PbSO^  appears.  This  sulphatizing  action 
is  said  to  be  less  rapid  than  peroxidation  when  SOg  is  not  used. 

Laszczynski*  has  sought  to  prevent  anodic  oxidation  of 
cations  by  wrapping  his  refined  lead  anodes  in  cotton  fabric. 
The  theory  is  that  sulphuric  acid  collects  in  the  interstices  of 
this  envelope,  preventing  access  of  ferrous  iron  through  diffusion, 
when  proper  strength  of  current  is  applied  so  as  to  accelerate 
speed  of  cations  toward  the  cathode  as  compared  with  their 
rapidity  of  diffusion.  The  thickness  of  wrapping  is  in  inverse 
proportion  to  density  of  current. 

Lead  anodes  cannot  be  used  when  the  solution  contains  solu- 
ble chlorides,  as  the  chlorine  liberated  through  electrolysis  attacks 
the  metal.  Much  trouble  arose  from  this  source  in  lixiviating  at 
Kakaralinsk,  Russia,  owing  to  impurities  in  the  water  used. 

At  the  Butte-Duluth  plant  the  lead  anodes  contain  six 
percent  antimony.  They  measure  24  in.  by  38  in.,  and  weigh 
about  ten  pounds  per  sq.  foot.  Anodes  of  this  description  are 
also  used  in  electrolytic  refining  plants  in  treating  solutions  which 
have  become  too  highly  charged  with  iron,  etc.  No  trouble  is 
experienced  unless  chlorine  is  present.  Lead  removed  from 
anodes  through  corrosion  is  not  lost,  but  may  be  recovered  from 
residues  settling  in  the  cells. 

On  account  of  rapid  disintegration,  carbon  has  been  con- 
sidered unsuitable  as  anode  material  in  electrolyzing  sulphate 
solutions.    Recently,  however,  a  combination  of  carbon  and  lead 

*JJ.  S.  patent  No.  757,817. 
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has  been  found  to  give  satisfaction  when  sulphur  dioxide  is  pres- 
ent in  the  electrolyte. 

At  the  Chuquicamata  plant  fused  magnetite  is  to  be  used 
for  anodes.  This  material  is  said  to  be  unaffected  by  oxygen, 
chlorine,  or  sulphur  dioxide.  Apart  from  their  brittleness,  these 
anodes  appear  to  answer  fairly  well  the  purpose  for  which  they 
are  intended. 

ELECTROLYSIS  OF  COPPER  SULPHATE  SOLUTIONS. 

As  deposition  of  copper  from  sulphate  solutions  is  influenced 
by  current  density,  dilution  of  electrolyte,  nature  of  soluble  salts 
present,  amount  of  free  acid  in  the  bath,  corrosion  of  the  deposited 
metal,  temperature,  etc.,  it  is  manifest  that  the  process  is  of  com- 
plex nature.  This  may  partially  explain  diverse  opinions 
expressed  by  engineers  relative  to  practicability  of  electrolysis 
in  depositing  metal  from  ore-lixivium.  It  is  plain  that  if  undesir- 
able elements  are  removed  from  the  electrolyte  previous  to  elec- 
trolysis, and  if  the  greatest  quantity  of  copper  attainable  is  intro- 
duced, results  will  be  much  better  than  when  comparatively  weak 
liquors,  saturated  with  impurities,  are  treated.  The  literature  on 
the  subject  is  replete  with  descriptions  of  methods  (and  sugges- 
tions) for  increasing  copper  content  of  weak  lixiviums,  and  for 
removing  deleterious  elements.  The  use  of  reducing  agents  in  a 
measure  counteracts  the  bad  effect  of  ferruginous  salts ;  but  size 
of  plant  is  largely  increased  on  account  of  low  current  density 
alone  permissible  under  such  conditions.  It  has  been  stated 
that  the  current  density  must  be  reduced  to  three  amperes  per 
sq.  foot  in  order  to  get  satisfactory  deposition  of  copper. 

One  ampere  of  current  passed  through  a  copper  sulphate 
solution  should  theoretically  deposit  very  close  to  one  ounce  avd. 
of  metallic  copper  in  24  hours.  This  would  be  100  percent  cur- 
rent eflBciency,  and  although  such  results  have  been  reported 
from  small  scale  experiments,  when  using  comparatively  rich 
electrolyte  and  depolarizers,  they  can  hardly  be  expected  in 
commercial  practice.  There  are  many  ways  in  which  current  is 
consumed  in  an  electrolytic  cell  without  causing  permanent  cop- 
per deposition.  For  instance,  a  warm  electrohi:e  facilitates  pas- 
sage of  the  current,  but  also  subjects  the  metal  already  deposited 
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to  corrosion;  and  the  well-known  anodic  oxidation  of  cations, 
with  their  subsequent  reduction  at  the  cathode,  has  been  so  often 
referred  to  as  hardly  to  warrant  further  mention. 

To  render  electrolysis  of  copper  solutions  practicable,  ratio 
of  capacity  of  plant  to  capital  invested  must  be  brought  within 
definite  limits.  In  other  words,  operations  of  this  nature  must 
be  conducted  at  fairly  high  current  densities.  But  high  current 
densities,  on  account  of  the  great  ohmic  resistance  offered  by 
average  ore-lixiviums  demand  voltages  which  cause  deposition 
of  other  elements.  It  therefore  becomes  at  times  important  to 
separate  copper  salts  from  salts  of  metals  reduceable  under  con- 
ditions which  it  is  proposed  to  maintain  in  the  cell,  or  to  inter- 
pose means  of  rendering  deleterious  elements  innocuous. 

Although  it  is  generally  conceded  that  presence  of  con- 
siderable iron  is  objectionable  in  cupriferous  solutions  under- 
going electrolysis,  some  difference  of  opinion  has  existed  as  to 
quantity  of  this  metal  which  is  distinctly  harmful.  Mr.  N.  V. 
Hybinette*  states,  that  the  disturbing  influence  of  ferric  salts 
on  deposition  of  copper  is  negligible  until  there  are  present  in 
the  electrolyte  more  than  ten  grams  ferric  iron  per  litre,  and 
that  action  of  the  ferric  salt  does  not  become  serious  before  the 
amount  has  risen  above  15  grams  per  liter.  Rapidity  of  oxida- 
tion of  ferrous  iron  depends  on  amount  of  that  salt  in  the  solu- 
tion. Oxidation  proceeds  regularly  as  long  as  there  is  present 
not  more  than  30  grams  per  liter  of  ferrous  iron,  but  ceases 
when  content  has  fallen  to  15  grams  per  liter  of  ferrous  iron. 
Therefore,  as  long  as  there  is  not  much  more  than  30  grams  per 
liter  of  ferrous  iron  present,  production  of  ferric  sulphate  to  an 
objectionable  degree  takes  place  slowly,  and,  as  stated,  action 
on  the  cathode  is  not  serious  with  concentration  of  ferric  salts 
amounting  to  15  grams  per  liter.  The  solution  on  entering  the 
electrolytic  cells  contains  about  2  to  5  grams  per  liter  ferric 
iron,  and  leaves  with  about  15  grams  per  liter.  The  amount  of 
iron  held  in  the  circulating  solution  is  kept  at  the  desired  point 
by  periodically  discharging  the  necessary  proportion. 

Methods  of  removing  iron  from  copper  lixiviums  by  simply 
blowing  air  into  them,  or  by  treatment  with  calcium  carbonate, 
have  been  repeatedly  tried  but  have  not  proven  satisfactory. 

•  U.  S.  patent  No.  1,122,750,  Dec.  29,  1914. 
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Ottaker  Hof rnann*  gives  a  method  of  purifying  copper  sulphate 
solutions  which  frees  them  from  the  greater  part  of  their  con- 
tained iron,  arsenic,  antimony,  and  bismuth,  while  increasing 
the  copper  content.  The  lixivium  is  heated,  and  when  hot, 
roasted  matte  is  added  and  air  is  forced  through  the  mixture. 
This  method  was  tried  by  Hesse  at  Predazzo  in  southern  Tyrol.f 
The  lixivium  treated  was  neutral  and  nearly  saturated,  assaying 
40  grams  per  liter  in  copper,  0.8%  to  1.1%  ferrous  iron,  and 
0.03%  ferric.  After  removing  what  iron  was  practicable,  it 
assayed  60  grams  per  liter  in  copper  and  0.08%  iron.  In  place 
of  matte,  Hesse  used  roasted  concentrates. 

At  the  Kalakent  copper  works  in  RussiaJ  impure  lixivium 
was  passed  over  dead-roasted  matte,  and  then  over  low-grade 
copper  ore.  The  liquor  was  afterwards  diluted,  heated,  and  air 
was  forced  through  it.  Scrap  copper  was  used  to  take  up  any 
excess  acid  remaining. 

A  method  employed  in  electrolytic  refining  establishments 
to  remove  undesirable  impurities  from  the  electrolyte  when  it 
became  overcharged  with  these,  was  to  treat  portions  of  the 
liquor  in  special  cells.  Lead  anodes  were  used,  and  a  voltage  was 
maintained  which  sufficed  for  deposition  of  arsenic  and  antimony, 
but  left  the  iron  in  solution.  Iron  was  then  separated  as  ferrous 
sulphate  by  crystallization.  In  ore-lixiviums,  arsenic  and  anti- 
mony are  seldom  present  in  quantities  sufficient  to  cause  trouble. 

Metallic  deposition  on  the  cathode  is  influenced  by  relative 
quantities  of  different  ions  in  the  electrol>i;e.  As  long  as  copper 
salts  are  present  in  proper  proportion,  other  elements  iLsually 
contained  in  sulphate  ore-lixiviums  are  not  apt  to  be  deposited, 
but  when  the  liquors  become  impoverished  as  to  copper,  then 
other  ions  serve  to  transport  the  current,  and  undesirable  ele- 
ments appear  at  the  cathode.  No  current  traverses  an  electrolyte 
unless  conveyed  by  ions  of  some  description.  For  this  reason, 
when  gravity  circulation  of  elect roh^e  alone  serves  as  means  of 
replenishing  the  supply  of  copper  ions  where  they  are  needed, 
electrolysis  of  copper  sulphate  solutions  becomes  unprofitable  as 
soon  as  content  of  the  electrolyte  sinks  to  about  one  percent  cop- 

•'*Hydrometallurgy  of  Silver". 

t**MetalIurgie'\  1919,  page  580. 

$**Modern   Electrolytic   Refining",  by  Titus  Ulke. 
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per.  Moving  electrodes  cause  circulation  of  electrolyte  and 
therefore  assist  in  electrolyzing  weak  solutions. 

Depolarizers  commonly  used  in  depositing  copper  from  ore- 
lixivium  are  sulphur  dioxide  and  ferrous  iron.  The  theory  of  the 
action  of  depolarizers  is,  that  they  absorb  oxygen  liberated  at 
the  anode,  thereby  reducing  voltage  necessary  for  carrying  on 
the  operation  by  decreasing  counter-electromotive-force.  Fer- 
rous iron  by  itself  can  be  used  in  quantities  sufficient  to  act  as  a 
depolarizer  only  when  the  cell  is  provided  with  a  diaphragm; 
for  when  the  iron  is  raised  to  the  ferric  state,  disturbances  are 
brought  about  which  have  already  been  mentioned.  Depolarizers 
are  said  to  preserve  carbon  anodes  from  disintegration.* 

As  it  has  been  found  undesirable  to  use  diaphragms  in  elec- 
trolyzing copper  sulphate  solutions,  and  as  ferrous  iron  is  not 
available  as  a  depolarizer  without  diaphragms  unless  the  solution 
is  saturated  with  sulphur  dioxide,  then  sulphur  dioxide  must  be 
considered  as  the  essential  in  such  operations,  and  ferrous  iron 
as  an  auxiliary.  Diaphragms  are  always  to  be  avoided  when 
possible.  They  are  difficult  to  maintain  so  that  solutions  will 
not  leak  from  one  compartment  to  the  other,  and  they  increase 
ohmic  resistance  of  the  bath  by  interfering  with  passage  of 
the  ions. 

Sulphur  dioxide  is  itself  subject  to  electrolysis,  and  under- 
goes decomposition  at  the  cathode  under  certain  conditions. 
When  the  electrolyte  is  impoverished  of  its  copper  ions,  or  volt- 
age rises,  elemental  sulphur  is  released  at  the  cathode,  which, 
combining  with  nascent  hydrogen,  produces  hydrogen  sulphide. 
In  this  way  copper  has  been  precipitated  as  CuS  from  weak 
electrolyte. 

When  sulphur  dioxide  is  used  as  a  depolarizer  in  electrolyz- 
ing ferruginous  copper  sulphate  solutions,  the  impressed  voltage 
required  to  deposit  copper  is  necessarily  lowered,  because  of 
reduction  of  counter-electromotive-force.  Under  such  conditions, 
drop  of  potential  to  as  low  as  0.6  volt  has  been  found  possible, 
and  danger  of  deposition  of  iron  is  avoided. f  AddicksJ  states 
that  experience  at  Douglas  (Arizona),  when  employing  sulphur 

*  Compare  C.  J.  Tossizza,  U.  S.  patent  No.  710,346,  Sept.  30,  1902. 
t  C.  J.  Tossizza,  U.  S.  patent  710,346,  Sept.  30,  1902. 
X  Trans.  A.  I.  M.  E.,  Salt  Lake  meeting,  1914. 
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dioxide  in  electrolysis,  was  of  similar  nature,  and  that  it  is  pos- 
sible to  consider  working  voltages  as  low  as  0.6  to  0.7  volt.  Of 
course  there  must  be  vigorous  circulation  of  the  electrolyte,  or 
other  means  of  bringing  the  gas  into  contact  with  the  anode 
must  be  adopted,  to  render  the  sulphur  dioxide  eifective. 

Ore  lixiviums  (and  electrolytes)  are  not  good  absorbers  of 
sulphur  dioxide  gas  under  atmospheric  pressure,  and  therefore 
some  difficulty  has  been  experienced  in  introducing  this  gas  into 
such  liquors.  ReinartzJ  has  given  a  method  of  trapping  the 
gas  under  slight  pressure,  which,  on  a  small  scale,  produced 
excellent  results. 

Sulphur  dioxide  gas  is  absorbed  by  ore-lixiviums  when  per- 
mitted to  trickle  down  through  absorption  towers,  and  saturated 
liquors  may  be  obtained  in  this  way  from  roaster  gases.  Blow- 
ing roaster  gases  into  vats,  or  electrolytic  cells,  filled  with  solu- 
tion, is  not  so  eifective,  as  the  gases  escape  in  large  bubbles.  The 
coefficient  of  absorption  for  sulphur  dioxide  gas  in  water  is 
greatly  reduced  by  its  dilution  with  air  and  furnace  gases. 

At  Anaconda  it  was  found  that  sulphur  dioxide  in  roaster 
gases  from  a  McDougall  furnace  containing  ten  percent  SOj 
was  readily  absorbed  by  ore  lixivium  when  forced  in  under  15 
lb.  pressure  per  sq.  in.  During  the  first  hour,  absorption  of  SOj 
was  almost  complete,  and  then  gradually  fell  oif  to  about  60%. 
The  absorbing  solution  contained:  Cu,  2% ;  NaCl,  8.5% ;  HgSO^, 
0.5%. 

A  further  advantage  obtained  from  employing  SOj  as  a 
depolarizer  in  electrolysis  is  the  formation  of  HjSO^  in  the  cell. 
A  distinction  should  be  made  between  acid  regenerated  from 
lixivium  and  new  acid  formed  out  of  SOj.  Theoretically,  elec- 
trolytic decomposition  of  CUSO4  sets  free  (regenerates)  about 
1.5  lb.  H2SO4  for  every  pound  of  copper  deposited,  and  an  addi- 
tional 1.5  lb.  of  H.^S04  is  manufactured  by  combination  of  the 
oxygen  liberated  from  copper  sulphate  at  the  anode  with  SOj 
present  in  the  electrolyte.  The  more  completely  the  SOj  dis- 
tributed throughout  the  liquor  is  brought  into  contact  with 
anodic  oxygen,  the  better  the  results.  As  some  oxygen  alwaj's 
escapes,  anodic  efficiency  is  usually  low. 


$**Metallurfi:ie'\  1908,  page  202. 
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CURRENT  CONDITIONS. 

Copper  is  deposited  in  electrolytic  cells  in  diiferent  form, 
according  as  the  conditions  vary  under  which  deposition  takes 
place.  The  metal  may  appear  at  the  cathode  in  a  firmly  adhering 
mass,  or  it  may  be  granular  and  loose,  or  even  pulverulent, 
according  as  current  density  and  concentration  of  salts  in  the 
electrolyte  are  altered.  The  most  import{*nt  point  to  consider 
relative  to  obtaining  a  good  deposit  of  metal  is  keeping  an 
adequate  supply  of  copper  ions  in  immediate  vicinity  of  the 
cathode.  Weak  solutions  will  yield  firm  deposits  of  clean  cop- 
per if  this  precaution  is  taken. 

Current  density  permissible  in  carrying  on  electrolysis  of 
copper  sulphate  solutions  varies  greatly  with  conditions  in  the 
cell.  That  metal  is  usually  liberated  at  the  cathode  first,  which 
combining  to  form  a  sulphate  produces  the  least  amount  of  heat. 
For  this  reason  copper  is  deposited  in  advance  of  iron,  provided 
current  density  is  properly  regulated  and  preponderance  of  fer- 
ruginous ions  is  not  too  great.  High  current  density  may  deposit 
several  metals  simultaneously,  and  if  the  electrol}i;e  is  very  acid, 
hydrogen  is  also  liberated. 

The  current  density  generally  employed  in  depositing  copper 
from  sulphate  lixivium  is  low — eight  to  twenty  amperes  per  sq. 
ft. — but  current  density  as  high  as  45  amp.  per  sq.  ft.  has  given 
a  good  deposit  in  the  oscillating  type  of  cell.  Bennett  reports  a 
deposit  *'as  good  as  the  best*'  with  2400  amp.  per  sq.  ft.,  using  a 
rotary  cathode. 

At  the  Butte-Duluth  plant,  where  electrolysis  of  sulphate 
solution  has  been  in  commercial  operation  for  some  time,  cur- 
rent densities  varying  from  eight  to  thirteen  amp.  per  sq.  ft. 
have  been  reported.  At  the  BuUwhacker  plant  the  current  den- 
sity used  is  said  to  have  been  13  amp.  per  sq.  ft.,  and  Keith 
experimented  with  current  densities  ranging  from  15  to  20  amp. 
per  sq.  ft.  at  the  Arlington  plant  (New  Jersey).  The  Inter- 
colonial Copper  Co.  (Nova  Scotia)  is  said  to  have  used  current 
density  of  6  amp.  per  sq.  ft. 

It  is  evident  from  published  statements  that  it  has  been 
found  expedient  to  make  use  of  comparatively  low  current  densi- 
ties (about  12  amp.  per  sq.  ft.  on  the  average)  when  electrolyzing 
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copper  sulphate  solutions  with  gravity  circulation.  When 
depolarizers  are  employed,  under  the  same  conditions,  current 
density  must  be  greatly  reduced  (3  to  6  amp.  per  sq.  ft.).  With 
moving  electrodes,  higher  current  densities  are  permissible  in 
proportion  to  celerity  of  motion.  It  would,  therefore,  seem  pos- 
sible to  construct  electrolytic  cells  having  much  larger  capacity 
per  unit  of  electrode  surface  than  those  now  in  use.  First  cost 
of  such  a  plant  would  be  reduced  as  compared  with  existing  ones, 
but  energy  required  per  pound  copper  deposited  would  be  greater. 
Saving  in  time,  and  interest  on  investment  and  on  material 
undergoing  treatment,  would  be  in  favor  of  the  smaller,  rapidly- 
operating  installation. 

To  effect  decompositon  of  a  metallic  salt  through  the  agency 
of  the  electric  current,  a  certain  minimum  electromotive  force 
is  required,  corresponding  to  amount  of  heat  liberated  when  the 
metal  under  consideration  combines  to  form  said  salt.  In  the 
case  of  cupric  sulphate  this  force  is  about  1.2  volts.  In  addition 
to  energy  expended  in  releasing  metal  at  the  cathode,  a  further 
quantity  is  consumed  in  overcoming  various  resistances  in  all 
cells,  and  in  doing  certain  work  appertaining  to  electrolysis. 

It  has  been  found  in  practice  that  in  electrolyzing  a  copper- 
sulphate  ore-lixivium,  about  two  volts  pressure  are  required  with 
the  ordinary  copper  refiners  cell.  Keith  used  1.6  volts  per  cell; 
but  he  had  a  high-grade  solution  (6%  Cu) ;  and  the  Intercolonial 
Copper  Co.  is  said  to  use  1.5  volts,  with  a  depolarizer.  Bennett 
found  that  the  voltage  in  his  rotary  cell  increased  with  speed  of 
revolution  of  the  cathode.  At  1750  revolutions  per  minute,  a 
little  over  three  volts  were  required:  at  3500  revolutions  the 
voltage  had  risen  to  nearly  five.  High  voltage  does  not  neces- 
sarily imply  deposition  of  undesirable  elements  on  the  cathode, 
provided  a  sufficient  supply  of  the  more  easily  reduced  compound 
is  maintained. 

If  electrolysis  is  performed  under  favorable  conditions, 
theoretical  effect  of  current  can  be  attained  at  the  cathode — ^that 
is  to  say,  current  efficiency  will  be  100  percent.  But  in  practical 
work  the  usual  current  efficiency  is  low.  This  is  because  current 
is  expended  in  other  ways  than  in  depositing  copper — liberation 
of  hydrogen,  reduction  of  ferric  salts  at  the  cathode,  heating  elec- 
trolyte, etc.    In  a  series  of  experiments  made  at  the  Greenawalt 
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testing  works  in  Denver,  using  a  movable  anode,  current  eflScien- 
eies  attained  ranged  from  51  to  87  percent.  At  the  Intercolonial 
Copper  Co.  's  plant  90-percent  current  efficiency  was  reported  in 
reducing  copper  content  of  bath  from  2.5  to  one  percent  copper. 
At  the  Butte-Duluth  works  one  pound  of  copper  was  said  to  be 
deposited  per  kilowatt-hour  consumed.  As  drop  in  potential 
across  the  electrodes  measured,  on  the  average,  two  volts,  cur- 
rent efficiency  was  about  76.5  percent.  Laszczynski  reported 
that  with  his  apparatus  one  metric  ton  of  copper  was  produced 
with  an  expenditure  of  135  horsepower.  This  would  be  0.912  lb. 
Cu  per  kw-hour.  As  the  cell  voltage  was  2.5,  this  represents  a 
current  efficiency  of  about  87.2  percent.  At  Douglas,  Addicks 
states  that  it  is  aimed  to  obtain  a  recovery  of  three  pounds 
copper  per  kw-hr.,  employing  from  0.6  to  0.7  volt  pressure.  At 
0.65  volt  this  would  mean  a  current  efficiency  of  74.6  percent. 

Energy  efficiency  attained  in  electrolyzing  copper  sulphate 
lixiviums  is  generally  much  lower  than  corresponding  current 
efficiency,  unless  a  depolarizer  is  used :  it  is  generally  below  fifty 
percent.  The  power  required  to  deposit  a  given  amount  of 
copper  from  sulphate  lixivium  is  six  times,  or  more,  that  expended 
in  producing  cathode  metal  by  ordinary  electrolytic  refining. 
Mr.  Claude  Vautin  states  that  it  is  safe  to  calculate  upon  about 
3.33  tons  (three  long  tons)  output  of  cathode  copper  per  horse- 
power-year by  the  electric  method  of  precipitation.  Energy 
efficiency  at  Miedzianka  (Poland),  where  Laszczynski 's  process 
was  used,  figures  out  at  about  42  percent:  at  the  Butte-Duluth 
plant  at  about  46  percent. 

At  one  cent  per  kw-hour,  the  cost  of  power  for  electrolytic 
deposition  is  not  excessive.  The  Butte-Duluth  company  is  said 
to  buy  power  for  about  $40.00  per  horsepower  year,  which  is 
equivalent  to  approximately  $0,006  per  kw-hour. 

The  power  problem  in  electrolytic  deposition  of  metals  was 
discussed  by  Addicks  and  others  at  the  January  (1914)  meeting 
of  the  New  York  section  of  the  American  Electrochemical 
Society. 

ORE  LEACHING  VATS. 

By  far  the  greater  part  of  the  ore  which  is  destined  to  be 
subjected  to  treatment  by  leaching  processes  will  be  low-grade 
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— probably  less  than  two  percent  copper.  To  lixiviate  a  low- 
grade  ore  to  best  advantage,  it  must  be  handled  in  large  quan- 
tities with  minimum  preparatory  treatment.  Percolation  of 
comparatively  coarsely  crushed  material  in  large  vats  meets 
these  requirements.  Rectangular  reinforced-concrete  vats  which 
can  be  filled  and  discharged  from  the  top  by  means  of  mechani- 
cal appliances  afford  the  cheapest  means  for  handling  large 
quantities  of  material  by  leaching  methods.  Expensive  apparatus 
for  removal  of  leached  tailing  from  vats  may  not  always  be 
warranted  in  works  of  small  capacity,  and  in  such  cases  circular 
vats,  constructed  either  of  reinforced-concrete  or  wood,  may  be 
employed.  These  are  usually  provided  with  openings  in  the 
bottom  for  discharging  the  tailing. 

Concrete  vats  have  long  been  used  for  leaching  operations, 
when  the  solutions  were  weakly  acid.  As  cements  employed  in 
mixing  concrete  contain  free  lime,  this  material  is  strongly  alka- 
line, and  therefore  concrete  is  not  well  adapted  to  resist  acid 
solutions.  When  the  liquors  are  weakly  acid,  or  nearly  neutral, 
a  protective  coating  of  gypsum  appears  to  form,  and  this  in  a 
measure  preserves  the  concrete  from  rapid  destruction. 

Oil-impregnated  mortar  used  in  mixing  concrete  gives  a 
very  satisfactory  material  for  constructing  leaching  vats.  Because 
of  inferior  strength,  such  concrete  must  be  more  heavily  rein- 
forced than  is  necessary  with  plain  concrete;  but  with  solutions 
carrying  as  high  as  two  percent  H2SO4  it  has  shown  itself  to 
have  satisfactory  resisting  qualities. 

All  attempts  at  covering  concrete  with  acid-proof  material, 
so  far  reported,  have  been  disappointing.  Tar,  asphaltum,  paraf- 
fine,  patent  paints,  etc.,  when  applied  as  coatings,  have  all  proven 
unserviceable  on  exposure  to  strong  (10%)  acid  liquors.  The 
acid  penetrates  to  the  concrete  backing  through  cracks  or  small 
holes,  and  soon  loosens  the  protective  lining. 

When  a  vat  is  desired  of  large  dimensions  and  strong  acid- 
resisting  qualities,  probably  the  best  that  can  be  constructed  is 
one  of  reinforced  concrete  lined  with  acid-resisting  brick  laid  in 
asphaltum,  and  backed  with  hot  asphalt  poured  between  brick 
and  concrete.  Croasdale  recommends  pressed  vitrified  brick  of 
uniform  size,  laid  flat  rather  than  on  edge.  As  asphalt  is  apt  to 
soften  when  exposed  to  moderate  heat,  and  to  become  brittle  and. 
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crack  when  cold,  under  some  circumstances  laying  the  brick  in 
oil-mizcd  cement  mortar  may  be  preferable  to  asphalt. 

The  bottoms  of  brick-lined  concrete  vats  are  satisfactorily^ 
made  of  sand  and  asphalt,  pressed  solid  with  a  heavy  iron  muller. 
Brick  paving  may  be  laid  on  top  of  these  bottoms.  A  new  depar- 
ture in  the  way  of  concrete  ore-leaching  vats  is  being  tried  on  a 
very  large  scale  at  Chuquicamata  (Chile).  These  vats  are  lined 
with  mastic  asphalt,  specially  prepared  for  the  purpose.  The 
ore  capacity  of  each  one  of  these  vats  will  be  about  10,000  tons. 

Leaching  vats  used  at  the  Gumeschevesky  mine*  were  con- 
structed of  masonry  and  lined  with  four  inches  of  concrete  pro- 
tected with  one  inch  of  asphaltum.  This  lining  is  said  to  have 
lasted  two  years  exposed  to  a  temperature  ranging  from  40°  to 
102°  P.  (4°  to  39°  C).  Croasdale  observed  that  evaporation 
from  concrete  vats  is  less  than  from  similar  vessels  constructed 
of  iron. 

Wooden  vats  are  usually  built  round,  and  when  constructed 
of  some  western  woods  have  shown  remarkable  acid-resisting 
qualities.!  It  is  said  that  eastern  woods  are  less  suitable,  but 
others  report  that  wooden  vats  have  given  quite  satisfactory 
results  in  connection  with  electrolysis  of  copper  solutions  when 
no  lead  lining  was  used. 

In  the  80-ton  experimental  plant  at  Anaconda  there  were 
two  redwood  vats  32  ft.  diameter  and  12  ft.  deep.  Five  discharge 
gates,  each  twelve  inches  in  diameter,  were  placed  in  the  bottom 
of  each  vat,  and  the  tailing  was  sluiced  out  through  these.  The 
vats  were  also  provided  with  filters  constructed  of  2-in.  by  4-in. 
pieces,  spaced  one  inch  apart.  Inch  slats,  also  placed  at  one  inch 
intervals,  rested  on  the  lower  frame-work  at  right  angles  to  the 
two  by  fours.  The  whole  filter  frame  was  nailed  together  with 
copper  nails  and  made  in  sections  for  convenience  in  handling. 
On  top  of  the  frame  two  layers  of  coarse  cocoa  matting  were 
placed.  There  was  a  lead  lining  under  the  filter  and  for  six  inches 
up  the  sides  of  the  vat. 

The  tanks  in  which  stock  solutions  were  kept  were  also  of 
redwood,  but  were  lead-lined.  They  were  slightly  smaller  than 
the  leaching  vats.     Concentrated  acid  was  stored  in  iron  tanks. 

•  A.  L.  Simon,  Bull.  No.  65,  Inst,  of  Mining  and  Metallurgy. 
t  Compare  £ng.  and  Mg.  Journal,  Feb.  13,  1915,  p.  315. 


2U  SYMPOSIUM  ON  COPPER 

ten  feet  by  ten  feet,  all  connections  and  fittings  were  of  iron.  An 
old  Oregon-fir  vat,  28  feet  diameter,  answered  as  spare  acid 
reservoir. 

At  the  Butte-Duluth  plant  a  circular  wooden  vat  was  tried 
for  electrolyzing  purposes.  It  is  said  to  have  given  satisfaction 
although  it  had  no  lead  lining. 

The  Mining  &  Scientific  Press  of  March  7,  1914,  contains  an 
instructive  article  by  Mr.  J.  M.  Lillegren  on  **  Assembling  and 
Erecting  Wooden  Tanks''. 

Electrolytic  cells  have  been  constructed  of  wood  and  are 
usually  lead  lined :  concrete  has  also  been  used  for  the  purpose. 
When  the  electrolyte  does  not  carry  over  two  or  three  percent 
free  acid,  oil-mixed  concrete  is  not  seriously  affected. 

At  Anaconda,  wooden  vats  nine  to  ten  feet  in  diameter,  with 
agitator  equipment,  were  used  in  precipitating  copper  by  means 
of  sponge  iron.  They  were  not  lead-lined  and  did  not  leak. 
When  NaCl  was  added  to  the  liquors  in  two  large  lead-lined 
solution  vats,  they  leaked.  This  is  explained  by  generation  of 
HCl  through  mixture  of  XaCl  with  HjSO^  and  consequent 
action  of  the  acid  on  the  lead  linings.  As  the  wood  backing  was 
dry,  the  liquor  found  its  way  through. 

MI8(  ELLAXEOUS  APPARATUS. 

In  leaching  operations  it  is  necessary  to  frequently  elevate 
corrosive  liquors  from  one  part  of  the  mill  to  another,  and  for 
this  purpose  various  appliances  have  been  employed.  Owing  to 
the  admirable  apparatus  now  available,  this  problem  no  longer 
presents  serious  difficulties.  In  selecting  pumps  for  use  in 
handling  cupriferous  solutions,  two  factors  have  to  be  borne  in 
mind :  they  must  be  able  to  withstand  strong  corrosive  liquors,  as 
well  as  abrasive  action  of  mineral  particles.  It  is  a  matter  of 
record  that  in  the  past  promising  processes  have  been  known  to 
fail  bei*aiise  of  difficulty  in  obtaining  pumps  which  could  deal 
with  strongly  acid  liquors  of  feculent  consistency. 

In  recently  constructed  plants  two  types  of  solution-elevat- 
ing apparatus  have  been  successfully  applied :  centrifugal  pumps, 
and  air-lifts.  The  pliuiger  type  of  pump  is  now  rarely,  if  ever, 
eniployeti. 

Centrifugal  pum|>s  for  use  in  copper  hydrometallurgy  are 
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now  made  either  of  stoneware  or  of  metal.  At  the  Butte-Duluth 
plant  a  stoneware  centrifugal  pump,  manufactured  by  the  Ger- 
man-American Stoneware  Works,  gave  satisfaction.  This  pump 
was  said  to  elevate  200  gallons  per  minute  of  strong  acid  lixiviant 
40  feet  vertically  with  an  expenditure  of  four  horsepower.  In 
ease  of  wear  or  breakage,  new  parts  for  such  pumps  are  readily 
obtainable  from  the  manufacturers  at  reasonable  cost.  All  pipes 
and  connections  used  with  this  pump  were  of  lead,  as  sulphate 
solutions  were  being  elevated.  Lead,  of  course,  is  not  suitable 
for  use  with  a  circulating  system  handling  chloride  solutions. 

Hard-lead  centrifugal  pumps  are  also  reported  to  have  given 
satisfaction,  but  the  stoneware  apparatus  appears  to  be  the  fav- 
orite. Some  difficulty  has  been  found  with  the  lead  centrifugals 
in  keeping  the  packing  tight  without  cracking  the  lead  casing  or 
stuffing  gland,  and  wear  on  shaft  is  said  to  be  excessive. 

Air-lifts  have  been  repeatedly  recommended  for  circulating 
solutions  of  corrosive  nature.  Their  suitability  for  the  purpose  is 
easy  to  understand,  for,  having  no  moving  parts,  if  constructed 
of  material  capable  of  resisting  corrosive  and  abrasive  action  of 
the  liquors,  they  should  last  indefinitely — barring  accidents.  At 
Anaconda  an  air-lift  was  provided  for  each  vat.  Having  a 
capacity  of  250  gallons,  or  more,  per  minute,  its  function  was  to 
circulate  the  lixiviant  by  elevating  it  16  feet  vertically  through 
a  five-inch  lead  pipe.  There  w^as  no  appreciable  corrosion  at  the 
elbows,  where  the  greatest  amount  of  wear  would  naturally  be 
expected.  The  average  specific  gravity  of  the  solutions  was 
about  1.22,  and  they  were  more  or  less  viscous.  Occasionally  the 
liquor  foamed  and  caused  trouble:  cold  solutions  foamed  worse 
than  warm  ones. 

A  Pohle  air-lift  pump,  constructed  mainly  of  wood,  for  use 
with  very  corrosive  solutions,  was  described  in  a  paper  read  by 
Mr.  T.  P.  Holt  at  the  Salt  Lake  meeting  of  the  Am.  Inst,  of  Mi- 
ning Engineers,  August,  1914.  The  Pohle  air-lift  pump  is  con- 
sidered by  some  to  be  the  most  suitable  apparatus  for  handling 
liquors  met  with  in  copper  leaching.  The  air-lift  used  at  Park 
City  (Utah)  elevated  solutions  37  ft.  vertically  with  an  average 
of  27  lb.  air  pressure.  Mr.  R.  H.  Shaw,  in  the  *' Colorado  School 
of  Mines  Magazine *'  (reproduced  in  Mining  &  Scientific  Press, 
Nov.  29th,  1913,)  has  described  another  simple  form  of  air-lift. 
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Wooden  pipe,  and  wooden  launders  without  lead  lining, 
answer  requirements  where  gravity  flow  of  corrosive  sulphate 
solutions  is  concerned.  Sectional  wooden  pipe  tied  together  by 
heavy  wire,  whether  steel  or  copper,  is  apt  to  fail,  because  the 
solutions  are  certain  to  find  egress  through  some  defect  in  the 
joining,  or  in  the  material,  in  which  case  both  of  the  metals  men- 
tioned are  rapidly  corroded.  At  Anaconda  it  was  found  that  the 
lead  in  lead-lined  launders  would  sometimes  creep  and  split  at 
the  seams.  Launders  made  of  reinforced  concrete  have  also  been 
used  for  transferring  solutions. 

It  is  sometimes  of  advantage  to  heat  solutions,  and  this  may 
be  accomplished  by  live  or  exhaust  steam.  If  the  steam  is  intro- 
duced into  the  liquors  direct,  it  condenses,  thereby  causing  dilu- 
tion. To  obviate  this,  it  is  passed  through  lead  pipes.  At  Ana- 
conda the  corrosive  action  of  solutions  carrying  from  three  to 
four  percent  free  acid  rapidly  destroyed  lead  pipe  used  for  this 
purpose.  With  solutions  containing  one  percent  acid,  or  less,  no 
corrosion  of  the  lead  pipe  was  observed  after  several  months 
continuous  use.  Lead-lined  iron  pipe  is  adapted  to  conveying 
corrosive  sulphate  solutions,  especially  where  rigid  pipe  connec- 
tions are  necessary. 

Pure  rubber  acid-proof  hose  resists  corrosive  action  remark- 
ably well.  The  initial  cost  is  high,  but  its  use  is  indispensable 
at  top  of  vats. 

Among  metallic  compounds  capable  of  withstanding  corro- 
sive action,  nothing  so  far  reported  equals  **duriron".  Unfor- 
tunately it  is  extremely  brittle,  and  so  hard  that  it  cannot  be 
machined.  It  resists  to  an  extraordinary  degree  the  most  cor- 
rosive sulphate  and  chloride  solutions. 

4 

DISCUSSION 

Mr.  Mr,  Walter  Neal,*   Mem.  Am.  Inst.  M.  E.,  inquired  regarding  the 

Neal.  ^ig'g  Qf  sodium  sulphate  as  a  solvent  for  copper,  particularly  regarding 
whether  it  could  replace  sulphuric  acid  for  this  purpose. 

Mr.  Mr.  W.  L.  Austin,**  Mem.  A.  I.  M.  E.,  replied  that  he  had  not 

Austin,  heard   of  sodium   sulphate   being  used   in   the   lixiviation  of   copper   ores, 

except  as  an  addition  to  the  charge  in  roasting,  with  a  view  to  sulphatiz- 

ing  the  copper.     As  to  other  solvents,  he  mentioned  that  ferric  sulphate 

and  chloride  had  been  tried. 


*  Salt  Lake  City,  Utah. 
**  Riverside,  Calif. 
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Prof.  O.  H.  CleYeiiger,t  Mem.  Am.  Inst.  M.  E.,  stated  that  doubtless       Prof. 
Mr.  Neal  meant  sodium  bisulphate  rather  than  the  sulphate.  Clevenger. 

Mr.  E.  H.  HamiltOD,t  Mem.  Am.  Inst.  M.  E.,  stated  that  the  reason       Mr. 
that  sulphuric  acid  is  so  generally  used  as  a  solvent  is  on  account  of  the  Hamilton, 
fact  that  it  can  be  readily  replaced  from  the  sulphur  contained  in  the  ore. 

Mr.  L.  H.  DoschakS  asked  Mr.  Austin  whether  he  had  heard  of  any  Mr. 
recent  developments  in  the  preparation  of  hydrogen  sulphide  from  sulphur  I^uschak. 
and  hydrogen.  He  stated  that  a  report  had  come  to  him  that  this  was 
being  done  at  Well  City,  Missouri,  in  connection  with  the  precipitation 
of  copper  from  mine  water.  He  further  stated  that  this  method  of  pro- 
ducing hydrogen  sulphide  had  received  very  little  attention,  but  it 
nevertheless  seemed  possible  that  a  method  of  manufacture  along  these 
lines  might  be  developed,  similar  to  the  contact  process  for  making 
sulphuric  acid. 

Mr.  Amitin  replied  that  hydrogen  sulphide  can  be  produced  so  easily     Mr. 
in  other  ways  that  he  did  not  see  the  advantage  of  making  it  synthetically.  -Austin. 
He  called  attention  to  the  fact  that  it  can  be  generated  from  certain 
types  of  refuse. 

Mr 

Mr.  Dttschak  inquired  as  to  what  kind  of  refuse  he  referred  to.  Duschak 

Mr.  AnstixL  replied  that  the  hydrocarbon  residues  from  oil  works  or     Mr. 
the  fats  from  slaughter  houses  can  be  treated  with  elemental  sulphur  to  '^^■**'*- 
produce  sulphuretted  hydrogen.     He  also  called  attention  to  the  fact  that 
the  gas  can  be  cheaply  produced  by  passing  producer  gas  through  a  bed 
of  heated  pyrite. 

Mr.  Duschak  asked  if  these  methods  would  not  be  fairly  expensive,      Mr. 
since  they  would  necessitate  the  shipping  of  a  large  quantity  of  material    l>«8chak. 
for  the  small  quantity  of  hydrogen  sulphide  produced. 

Mr.  Austin  replied  that   he  estimated  that   the   hydrocarbons   and     Mr. 
sulphur  could  be  shipped  to  comparatively  distant  points  and  hydrogen      "stm. 
sulphide  produced  at  a  cost  of  about  2  cents  per  pound  of  copper  pre- 
cipitated. 

Prof,  Clevenger  asked  Mr.  Austin  regarding  the  method  of  making      ^^°'- 

ClBvcnscr 
hydrogen   sulphide   from   oil   refinings    and   slaughter    house    refuse   and 

sulphur. 

Mr.  Anstin  replied  that  the  operation  could  be  readily  carried  on  in  Mr. 
a  retort  and,  upon  a  small  scale,  in  a  flask  or  wine  bottle;  in  other  words,  "*'*°- 
all  that  is  necessary  is  to  bring  the  two  materials,  hydrocarbon  waste 
and  sulphur,  together  and  heat  the  mixture,  when  hydrogen  sulphide  is 
evolved.  He  said  that  a  low  heat  is  employed  and  that  the  gas  comes 
off  very  gently;  whereas,  if  a  higher  temperature  were  used,  evolution 
of  the  gas  might  become  so  rapid  as  to  cause  an  explosion.  He  also 
called  attention  to  the  fact  that,  on  a  small  scale,  this  method  of  making 

t  Stanford  University,  Calif. 
t  Smeltery,  Trail,  B.  C,  Canada. 
S  San  Francisco,  Calif. 
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^f-     hydrogen  sulphide  is  sometimes  more  convenient  than  the  use  of  iron 
Austin,  guiphide  and  an  acid. 

Prof.  Prof.  Clevenger  stated  that  he  hesitated  to  say  anything  upon  the 

Olevenger.  subject  of  the  hydrometallurgy  of  copper  in  the  presence  of  Messrs. 
Austin,  RickettSy  Addicks  and  others  who  had  carried  on  such  extended 
investigations  in  this  direction,  but  that  he  had  to  confess  to  being 
somewhat  of  an  enthusiast  upon  the  subject.  He  stated  that  he  felt 
that  hydrometallurgical  treatment  was  perhaps  going  to  solve  some  of 
the  biggest  problems  in  connection  with  the  metallurgy  of  sulphide  ores; 
that,  for  example,  if  a  solvent  could  be  found  for  copper  which  would 
act  upon  the  copper  minerals  alone,  leaving  unaltered  the  large  mass  of 
sulphide  iron  minerals  usually  present  in  copper  ores,  the  smelting 
process  would  have  to  give  way  to  such  a  process  in  many  localities  on 
account  of  the  difficulty  with  smelter  smoke.  He  said  that  this  was 
merely  a  suggestion  and  that  perhaps  the  nearest  approach  to  such  a 
solvent  of  which  we  now  know  is  the  alkaline  cyanides.  Certain  work 
which  Prof.  Clevenger  has  carried  on  in  connection  with  the  cyanida- 
tion  of  gold  and  silver  ores  has  indicated  that  at  least  certain  of  the 
copper  minerals  are  quite  soluble  in  cyanide  solutions.  However,  cyanide 
is  an  expensive  salt  and,  unless  most  of  the  cyanide  could  be  recovered 
during  the  precipitation  of  the  copper,  it  could  not  be  economically  used 
as  a  solvent. 

Mr.  Mr.  Hamilton  stated  that  he  did  not  understand  what  was  to  become 

Hamilton.      of  the  sulphur. 

Prof.  Prof.  Clevenger  replied   that,  with  this  condition  of   working,  the 

Clevenger.  sulphur  would  remain  unaltered  in  the  residue. 

Mr.  Mr.  Iiawience  Addicks,*  Mem.  Am.  Inst.  M.  E.,  called  attention  to 

Addicks.  ^he  possibility  of  treating  a  copper  ore  by  flotation,  roasting  the  flota- 
tion concentrate,  making  acid  from  the  fume  and  using  this  acid  in 
leaching  the  roasted  ore.  He  stated  that  this  operation  could  be  carried 
on  considerably  cheaper  than  present  smelting  methods. 

Another  member  also  asked  Mr.  Austin  regarding  the  use  of  a 
chloride  solution  in  leaching  of  copper  ores.  He  said  that  he  was  under 
the  impression  that  it  was  not  a  success  when  tried  a  number  of  years 
ago.  He  thought  the  process  a  very  pretty  one  and  thought  that  the 
old  difficulties  mav  have  been  overcome. 

Mr.  Mr.  Austin  replied  that  he  thought  the  situation  as  to  leaching  cop- 

Austin,  per  ores  with  chloride  solutions  was  at  the  present  time  about  the  same 
as  it  was  ten  or  fifteen  years  ago.  He  said  the  process  was  attractive, 
but  that  the  difficulty  seemed  to  be  in  connection  with  electrolyzing  a 
chloride  solution.  The  cupric  chloride  acts  on  the  anoxic,  corroding  the 
metal,  and  apparently  slight  pressure  on  the  diaphragm  causes  a  leak. 
When  the  cupric  chloride  gets  through,  the  operation  is  at  a  standstilL 

♦  New  York.  N.  Y. 
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Mr.  Dnachak  called  attention  to  some  work  which  Professor  S.  W.  Mr. 
Young  of  Stanford  University  has  been  doing  upon  the  colloidal  prop-  I^"*chak. 
erties  of  mineral  sulphides.  He  thought  that  while  this  was  important 
primarily  in  the  study  of  the  genesis  of  ore  deposits,  it  might  at  least 
be  suggestive  In  connection  with  the  hy drome tallurgical  treatment  of 
copper  ores.  He  stated  that  Professor  Young  had  found  that  a  solution 
of  hydrogen  sulphide  acts  as  a  dispersing  agent  for  copper  sulphide 
minerals;  for  example,  a  massive  piece  of  chalcocite  when  placed  in 
hydrogen  sulphide  solution  passes  over  into  a  brown  colloidal  form,  in 
which  form  it  would  lend  itself  very  readily  to  solution  by  a  suitable 
solvent.  This  behavior  of  copper  sulphide  minerals  might  also  be  used 
to  separate  them  from  the  associated  iron  pyrites  and  other  gangue 
material. 
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The  rapid  progress  of  electrolytic  copper  refining  in  the 
past  twenty-five  years  has  been  due  to  several  causes.  While  the 
possibilities  of  the  electrolytic  separation  of  metals  had  been 
understood  in  a  general  way,  there  was  no  suitable  source  of 
current  until  the  dynamo  was  practically  developed  in  the  sev- 
enties. This,  at  the  same  time,  made  possible  the  development  of 
the  whole  family  of  modern  electrical  industries  and  thereby  cre- 
ated the  demand  for  high  conductivity  copper,  which  can  only 
be  obtained  from  very  restricted  pure  ores  or  by  electrolysis. 

If  we  say  that  electrolytic  refining  costs  '/ac  a  pound  over  fire 
refining  and  that  copper  sells  for  15c  a  pound,  it  will  take  but  a 
3  1/3%  gain  in  condnctivity  to  pay  for  the  refining,  when  elec- 
trical uses  are  involved.    Further,  it  is  quite  impossible  to  make 
a  clean  separation  of  silver  and  gold  from  copper  by  fire  methods, 
while  the  "values"  in  cathode  copper  run  but  a  few  cents  a  ton. 
Copper  is  nearly  always  associated  with  silver  and  gold  and  our 
V-;C  a  pound  increase  in  cast  calls  for  but  $10  a  ton  of  either  or 
both  of  these  metals  to  justify  electrolysis  from  this  standpoint. 
The  first  commercial  experiments,  in  this  country,  in  the  elee- 
of  copper  were  carried  out  at  Phoeniiville,  Pa.,  in  1879, 
tonnage  handled  was  negligible  for  several  years,  and  we 
ke.  say,  1884  as  the  starting  point  for  the  industry.    The 
eat  difficulty  was  in  keeping  the  purity  of  the  electrolyte 
reasonable  bounds ;  the  early  electrolytic  copper  was  very 
ir  in  quality,  resulting  in  a  market  premium  for  "Lake" 
produced  from  the  pure  native  ores  of  Michigan.    About 
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this  time  bessemerizing  of  copper  was  accomplished,  resulting  in 
a  high  elimination  of  impurities  from  matte,  owing  to  the  strong 
oxidizing  action  of  the  converter,  and  the  universal  adoption  of 
this  process  removed  the  last  obstacle  to  the  expansion  of  elec- 
trolytic refining. 

How  rapid  this  expansion  has  been  is  shown  in  the  accom- 
panying table.  As  a  matter  of  interest,  the  tonnage  refined  by 
the  series  and  by  the  multiple  processes  are  shown  separately,  as 
in  the  early  days  there  was  strong  rivalry  between  the  processes. 

Both  processes  have  survived  and  given  relatively  pure  bul- 
lion ;  there  is  little  to  choose  between  them.  The  multiple  proc- 
ess, however,  is  much  less  sensitive  to  impurities  and  requires  less 
skill  in  operation,  and  has  been  adopted  by  those  later  entering 
the  refining  business. 

Pounds  per  Year  ElectrolyticaUy  Refined. 

Year  Series  Multiple  Total 

1884                     0                              0  0 

1890  

1896  102,000,000      150,000,000  252,000,000 

1902  146,000,000      412,000,000  558,000,000 

1908  430,000,000      734,000,000  1,164,000,000 

1914  642,000,000      936,000,000  1,578,000,000 

Three  distinct  stages  in  the  development  of  copper  refining 
may  be  noted ;  that  of  early  development ;  that  of  tonnage  exten- 
sion ;  and  that  of  efficiency  work.  The  first  period  ends  with  the 
development  of  mechanical  ladling,  general  use  of  cranes  for 
handling  electrodes  and  the  undertaking  of  the  building  of  the 
Raritan  Copper  Works  in  1898.  The  second  period  covers  the 
next  half-dozen  years,  which  saw  the  creation  of  the  first  really 
large  plants ;  and  the  third,  the  ten  years  just  closed,  with  plenty 
of  work  yet  in  sight  to  put  refining  on  a  finished  basis. 

Refining  proper  may  be  considered  to  begin  with  the  treat- 
ment of  copper  bullion  of  the  grade  of  converter  blister  and  may 
be  divided  into  anode  furnaces,  electrolysis — including  produc- 
tion of  power,  electrolyzing,  purification  of  electrolyte,  and  refin- 
ing of  anode  slimes — and  refining  furnaces  for  the  cathode 
product. 
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The  anode  and  cathode  furnaces  have  so  many  points  in 
common  that  they  may  be  considered  together,  taking  the  latter 
as  the  example.  The  size  of  charge  taken  out  in  the  24-hour  cycle 
has  steadily  increased  with  the  capacity  of  the  plants,  until  it  has 
become  evident  that  the  only  practical  limit  is  the  tonnage  a 
plant  can  supply.  Before  mechanical  ladling  was  introduced, 
the  size  was  limited  to  the  amount  that  could  be  taken  out  by 
hand.  Even  when  a  bull  ladle  was  used,  40,000  lbs.  was  consid- 
ered a  large  charge.  As  soon  as  the  Walker  Wheel  and  other 
machines  for  mechanical  ladling  were  successfully  introduced,  the 
size  of  charge  was  increased  to  100,000  lbs.,  with  marked  lower- 
ing in  all  items  of  cost;  and  since  then  there  has  been  a  regular 
speeding  up  in  each  of  the  time-consuming  elements  making  up 
the  24  hours,  until  with  the  modem  charge  of  600,000  lbs.,  or 
more,  the  refining  is  done  for  less  than  half  the  cost  in  the  best 
of  the  old  hand-ladled  furnaces. 

Furnace  refining  may  be  divided  into  charging,  melting,  rab- 
bling, skimming,  coking,  poling,  ladling  and  fettling.  Charging 
is  now  done  mechanically,  by  special  cranes,  at  the  rate  of  300,- 
000  lbs.  an  hour.  Melting  has  been  accelerated  by  means  of  forced 
and  induced  draft,  the  modem  method  being  a  combination  of 
both  in  connection  with  waste-heat  boilers.  Mechanical  stoking 
has  been  tried  several  times,  as  well  as  the  use  of  fuel  oil  and 
pulverized  coal.  Up  to  this  writing,  however,  hand-firing,  com- 
bined with  what  is  practically  a  gas-producer  fire-box,  has  held 
its  own.  The  coal  consumption  has  fallen,  with  the  increasing 
size  of  charge,  from  about  20  7o  at  40,000  lbs.  to  10%  at  600,- 
000  lbs.  The  fuel  item  is  much  smaller  than  in  the  case  of  either 
reverberatory  matte  smelting  or  open-hearth  steel  practice.  Rab- 
bling by  hand  has  given  place  to  blowing  with  compressed  air. 
This,  in  turn,  has  raised  structural  questions  in  the  design  of  the 
furnace  on  account  of  the  consequent  damage  to  the  roof  from 
the  splaying  of  more  or  less  oxidized  copper.  In  anode  practice 
this  is  now  being  met  by  the  use  of  basic  or  neutral  brick  in  the 
roof,  and  when  melting  cathodes,  the  blowing  has  been  greatly 
curtailed.  Skimming  is  stiU  done  by  rabbles,  but  the  proportion 
of  slag  made  has  been  gradually  reduced  from  4%  to  less  than 
1%  by  keeping  silica  from  the  furnace  lining,  or  from  coal  ashes, 
away  from  the  cuprous  oxide  formed  while  melting  and  blowing. 
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Coking  used  to  consist  in  blanketing  the  bath  with  charcoal,  but 
crushed  low-sulphur  coke  or  anthracite  has  been  largely  sub- 
stituted. Poling  is  still  done  with  green  hard-wood  poles  forced 
under  the  surface  of  the  bath.  Fuel  oil  has  been  tried,  but  it  is 
difficult  to  avoid  overpoling,  on  account  of  the  rapidity  of  the 
action,  and  the  sulphur  content  spoils  the  set  of  wirebar  copper. 
Some  hydrocarbon  gas  may  be  substituted  in  time.  Ladling 
is  now  done  mechanically  at  as  high  a  rate  as  90,000  lbs.  an  hour 
with  one  ladle  and  120,000  lbs.  an  hour  with  twin  ladles.  This 
speed  could  easily  be  increased  by  tapping  the  furnace  at  two 
places.    Fettling  is  practically  eliminated  with  basic  furnaces. 

It  is  now  realized  that  the  only  obstacle  to  changing  the  fur- 
nace refining  of  cathode  copper  into  a  simple  melting  is  sulphur 
brought  over  as  sulphates  from  the  tank-house  or  absorbed  from 
the  products  of  combustion,  etc.,  in  the  furnace.  With  a  perfect 
cathode  and  a  sulphur-free  atmosphere,  the  process  could  be 
made  a  continuous  melting,  and  steady  progress  is  now  being 
made  toward  this  goal.  The  great  capacity  of  modern  furnaces  is 
due  partly  to  increased  hearth  area,  but  quite  as  much  to  deeper 
baths  and  the  constant  feeding  in  of  fresh  cathodes  (or  anode 
scrap)  during  poling  and  pouring.  In  some  plants  blowing  has 
been  practically  eliminated,  and  the  production  of  slag  almost 
suppressed  in  the  cathode  furnaces. 

Structurally,  the  main  improvements  in  recent  years  have 
been  along  the  line  of  substitution  of  magnesite  and  chrome  brick 
for  silicious  material.  Magnesite  hearths  are  now  thoroughly 
proved  out  for  treating  foul  pig.  Magnesite  flash-walls,  for  all 
classes  of  work,  are  now  yielding  place  to  solid  chrome  walls,  and 
chrome  brick  is  contesting  with  silica  brick  in  roof  construction. 

Turning  now  to  the  electrolytic  part  of  the  plant,  we  may 
dismiss  the  power  problem  very  briefly  as  not  being  truly  metal- 
lurgical in  its  nature.  The  characteristics  of  the  power  require- 
ments are  high  amperage,  low  voltage  direct  current,  with  a 
100%  load  factor.  As  individual  circuits  are  limited  to  about 
1500  kw.,  the  reciprocating  steam  engine  is  at  its  best  under  these 
conditions,  and  up  to  date  a  high-economy,  slow-speed,  compound- 
er triple-expansion  engine,  generating  a  kilowatt-hour  for  about 
15  lbs.  of  steam  at  150  lbs.  pressure  sq.  in.,  100°  F.  superheat, 
and  27-inch  vacuum,  has  been  favored.    The  plants  around  New 
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York  Harbor  are  able  to  procure  steam  sizes  of  anthracite  at  a 
much  lower  price  than  coal  suitable  for  gas  producer  work.  Con- 
siderable steam  is  also  produced  by  the  waste-heat  boilers  on  the 
reverberatories.  Gas  engines  have  therefore  been  handicapped 
and  have  not  as  yet  found  a  single  application.  The  total  capa- 
city of  the  power  plant  has  been  a  little  too  small,  in  extensions 
to  existing  plants,  to  justify  the  consideration  of  a  central  turbo- 
alternator  of  the  great  capacity  necessary  to  develop  a  suf- 
jBciently  low  economy  to  offset  the  conversion  losses  in  motor  gen- 
erators, and  large  high-speed  direct-current  turbo-generators  are 
still  in  their  infancy.  We  may  therefore  say  that  reciprocating 
engines  still  hold  the  field  but  that  the  indications  are  that  the 
time  is  coming  when  they  will  have  to  surrender  to  a  prime  mover 
which  can  operate  through  a  wider  temperature  range. 

In  the  tank-house,  capacity  has  been  pushed  from  all  sides. 
The  Walker  system  of  connections,  whereby  many  tanks  are 
placed  edge  to  edge  with  but  a  small  equalizing  bar  for  carrying 
the  current  from  the  cathodes  of  one  tank  to  the  anodes  of  its 
neighbor,  has  been  universally  adopted,  resulting  in  an  increased 
eCRciency  in  the  use  of  floor  space  as  well  as  cutting  down  the 
bus-bar  investment.  The  size  of  the  anode  has  been  steadily 
increased,  until  several  plants  use  electrodes  three  feet  square, 
and  in  at  least  one  leaching  plant,  four  feet  square.  The  num- 
ber of  anodes  per  tank  has  also  been  increased.  Thirty-two  have 
been  successfully  placed  in  space  originally  planned  for  twenty- 
six,  and  longer  tanks  can  easily  be  used,  the  limit  really  being 
the  amperage  on  the  circuit.  Current  densities  have  gradually 
risen  with  the  lower  costs  of  power,  until  Eastern  practice  is 
close  to  20  amperes  per  square  foot.  A  current  efficiency  of  about 
90^  seems  to  express  the  economical  balance  between  labor  and 
power.  Lead-lined  wooden  tanks  are  still  universally  used  in 
multiple-system  practice,  but  their  maintenance  is  a  large  item 
and  much  experimenting  is  now  under  way  with  various  types 
of  tank  construction.  The  ideal  system  would  be  a  large  acid- 
proof  basin  without  watertight  division  into  single  cells,  the  elec- 
trodes being  supported  independently  by  an  independent  bridge 
structure.  Chemically,  it  is  generally  realized  that  a  highly 
refined  anode  is  more  important  than  a  pure  electrolyte,  and 
with  anode  copper  99^  or  over,  an  electrolyte  with  2.5  to  3.0% 


DEVELOPMENT  OP  ELECTROLYTIC  COPPER  REPINING  225 

copper  and  12%  free  sulphuric  acid  will  give  good  results  with 
almost  any  quantity  of  arsenic,  nickel,  etc.  A  good  quality  of 
anode  has  diminished  the  silver  and  gold  losses  in  the  cathodes 
until  they  are  now  but  a  small  item — ^perhaps  half  of  one  percent 
of  the  anode  contents  at  ordinary  current  densities.  Basic  anode- 
furnaces  have  made  possible  the  production  of  a  first-class  anode 
from  very  foul  raw  material. 

The  general  improvement  in  the  grade  of  anode  has  simplified 
the  problem  of  purification  of  electrolyte.  The  complete  plan 
now  used  is  to  divert  the  necessary  portion  of  electrolyte  daily, 
remove  the  copper  and  arsenic  as  a  cathode  sludge,  using  insolu- 
ble anodes,  concentrate  the  resulting  liquor,  first  by  steam  in  lead- 
lined  tanks  and  then  by  direct  heat  in  iron  vessels,  to  a  heavy 
liquor  consisting  of  strong  sulphuric  acid  and  sodium  sulphate, 
the  sulphates  of  iron,  nickel,  etc.,  having  fallen  out  as  anhydrous 
salts.  The  sodium  sulphate  can  be  largely  removed  by  chilling, 
if  it  is  present  in  troublesome  quantity,  and  the  sulphuric  acid 
returned  to  the^electroljrte.  The  anhydrous  salts  form  a  starting 
point  for  nickel  recovery.  A  small  quantity  of  either  hydro- 
chloric'acid  or  salt  is  added  to  the  electrolyte,  with  the  result  that 
the  antimony  largely  slimes  as  oxychloride.  Olue  or  similar 
organic  addition  agents  are  generally  used  in  very  small  quan- 
tity and  greatly  assist  in  forming  smooth  cathodes,  although  a 
slight  excess  greatly  increases  the  working  voltage.  In  general, 
six  to  seven  pounds  of  cathode  copper  are  obtained  per  kilowatt- 
hour. 

The  refining  of  the  anode  slimes  is  still  in  a  transitional 
stage.  A  great  deal  of  experimental  work  is  being  done  on  wet 
processes,  on  account  of  the  metal  losses  associated  with  fire 
methods.  As  anode  slimes  are  worth  five  to  ten  dollars  a  pound 
and  a  large  refinery  produces  a  couple  of  tons  of  such  slimes 
daily,  a  considerable  expenditure  on  treatment  is  permissible.  A 
simple  fusion  of  raw  slimes  will  yield  three  superimposed  molten 
layers, — ^bullion,  matte  and  slag.  The  bullion  is  chiefly  made  up 
of  the  precious  metals,  lead  and  copper;  the  matte  of  copper, 
silver,  selenium  and  tellurium;  and  the  slag  of  the  more  easily 
oxidized  elements,  such  as  arsenic  and  antimony.  The  general 
plan  in  common  use  is  to  give  the  slimes  a  light  roast  to  oxidize 
the  copper,  which  is  then  dissolved  as  sulphate  in  suitable  tanks. 
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The  copper-free  slimes  form  but  little  matte  when  smelted.  After 
fusion  in  a  small  basic  reverberatory  the  bath  is  skimmed  clean 
and  the  base  bullion  refined  to  a  high  grade,  done  by  blowing 
and  nitreing.  The  slag  is  sorted,  part  sent  back  to  the  anode  fur- 
naces, part  desilverized  by  a  quiet  fusion  to  free  it  from  prills 
and  part  charged  back  into  the  silver  furnace.  The  silver  and 
gold  are  generally  parted  electroljrtically  and  the  resulting  gold 
slimes  treated  for  recovery  of  platinum  and  palladium.  Selenium 
is  recovered  from  the  silver  refinery  flue  dusts  by  leaching  and 
reduction  with  sulphur  dioxide. 

One  of  the  great  diflSculties  in  the  way  of  devising  a  com- 
prehensive wet  process  lies  in  the  great  variation  in  composition 
of  the  slimes  at  different  times  and  places  and  in  the  number  of 
elements  present.  The  strong  solvent  action  of  ferric  sulphate 
upon  copper  and  the  purity  of  silver  chloride  precipitated  from 
foul  solutions  give  a  foundation  for  a  wet  process.  The  progress 
in  electrostatic  fimie  recovery  is  helping  out  the  older  process, 
however. 

DISCUSSION 

Prof.  Prof.  Q.  H.  Glevenger,*  Mem.  Am.  Inst.  M.  E.,  asked  Mr.  Addicks 

Clevenffer.  -^hat  the  relative  current  efficiency  is  in  the  multiple  and  series  systems 
of  electrolytic  copper  refining. 

Mr.  Mr.  LawTonce  Add^cks^t   Mem.  Am.  Inst.  M.  E.,  replied  that  the 

Addicks.  current  efficiency  is  about  75%  to  80%  in  the  series  system  and  90% 
in  the  multiple. 

Prof.  Prof,  Glevenger  remarked  that,  of   course,  the  lower   current   effi- 

Cleyen^er.  ciency  in  the  series   system  is   due   to  leakage   of   current  around  the 
plates. 

Mr.  Mr.   Addicks   replied   that    it   is    partly   due   to    the   fact   that    the 

Addicks.  anode  and  cathode  are  the  same  plate,  so  that  a  certain   part  of  the 
copper  may  at  times  be  deposited  twice. 

Prof.  Prof.    Glevenger    asked    how    the   circulation    of   the   electrolyte   is 

Clevenger.  effected  when  the  plates  are  placed  close  to  the  bottom  of  the  tanks. 

Mr.  Mr.  Addicks  replied  that  the  circulation  is  very  slow  or  otherwise 

Addicks.  the  disadvantage  would  be  encountered  of  stirring  up  the  slime. 

*  Stanford  University,  Calif. 
t  New  York.  N.  Y. 
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Commercial  electrolytic  copper  refining  did  not  come  into 
use  until  about  I860,  and  then  batteries  were  used  as  a  source 
of  electric  current  for  carrying  on  the  electrolysis.  The  self- 
excited  electric  dynamo  did  not  come  into  existence  until  1866, 
and  up  to  this  date  there  was  no  demand  for  copper  of  high 
electrical  conductivity,  for  the  simple  reason  that  the  electrical 
era  started  about  1876,  when  the  telephone  was  invented,  fol- 
lowed during  the  next  decade  by  the  incandescent  lamp,  the  arc 
lamp,  and  the  electric  railroad. 

The  Welsh  process  had  been  developed  to  a  high  state  of 
perfection  for  the  refining  of  copper  by  furnace  methods,  and 
whilst  producing  copper  with  satisfactory  physical  properties,  it 
failed  to  produce  a  metal  that  was  satisfactory  for  electrical 
uses,  many  brands  of  copper  having  a  conductivity  of  less  than 
90%. 

It  is  needless  to  add  that  the  silver  and  gold  could  not  be 
satisfactorily  parted  from  the  copper  by  the  fire  method,  and 
thus  about  1883  we  find  the  question  of  electrolytic  refining  be- 
ing widely  considered  as  a  means  of  copper  refining;  and  in 
1887  at  least  two  small  refineries  had  been  established  in  the 
United  States,  producing  between  8000  and  9000  tons  of  elec- 
trolytic refined  copper  per  year. 

From  this  beginning,  the  production  of  electrolytically- 
refined  copper  has  gradually  and  steadily  increased,  imtil  today 
in  the  United  States  we  have  the  enormous  annual  output  of 
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some  1,500,000,000  lbs.  The  source  of  this  production  is  ap- 
proximately as  shown  in  the  following  table,  which  gives  the 
monthly  capacities  of  the  several  refineries,  amounting  to  140,- 
000,000  lbs.  per  month  or  1,680,000,000  lbs.  per  year,  and  which 
shows  an  excess  capacity  over  actual  production  of  180,000,000 
lbs.: 

Baritan  Copper  Works,  Perth  Amboy,  N.  J 33,500,000  lbs. 

Nichols  Copper  Co.,  Laurel  Hill,  N.  Y ^ 30,000,000  '* 

Baltimore  Copper  Smelting  &  Rolling  Co.,  Baltimore,  Md. ..  28,000,000  " 

United  States  Metals  Beflning  Co.,  Chrome,  N.  J 18,000,000  ** 

American  Smelting  &  Beflning  Co.,  Perth  Amboy,  N.  J 15,000,000  *' 

Anaconda  Copper  Mining  Co.,  Great  Palls,  Mont 5,000,000  * ' 

Balbach  Smelting  &  Beflning  Co.,  Newark,  N.  J 4,000,000  '* 

Calumet  &  Hecla  Mining  Co.,  Hubbel,  Mich 4,000,000  ** 

Tacoma  Smelting  &  Beflning  Co.,  Tacoma,  Wash 2,500,000  '* 

Total  per  month  140,000,000  lbs. 
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Fig.  1.     8«nM  Byitem. 


In  addition  to  the  plants  named,  several  others  have  been 
operated  in  the  earlier  stages  of  the  industry,  among  them  be- 
ing the  large  refinery  of  the  Anaconda  Copper  Mining  Com- 
pany, located  at  Anaconda,  Mont.,  and  that  of  the  New  England 
Electrolytic  Copper  Company,  at  Central  Falls,  R.  I.  Both  of 
these  plants  were,  however,  shut  down  some  years  ago,  the  latter 
plant,  which  was  erected  by  Lewisohn  Brothers,  being  closed 
when  they  established  the  Raritan  Copper  Works  at  Perth  Am- 
boy, N.  J. 

It  may  be  of  interest  to  note  the  order  in  which  the  various 
refineries  commenced  operations,  and  this  is  shown  in  the  follow- 
ing table : 
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Year 

System  Used 

1883 

Multiple 

1887 

Series   (rolled 

anode)   and 

multiple 

1891 

Multij)le 

1891 

ft 

1892 

1 1 

1893 

Series  (cast  anode) 

1895 

Multiple- Walker 

1899 

it            It 

1901 

tt            << 

1QAA 

t<            (< 

Befinery 

Balbach  Smelting  ft  Refining  Co. 
Baltimore  Copper  Smelting  A  Boiling  Co. 


New  England  Electrolytic  Copper  Co. 

Anaconda  Copper  Mining  Co.,  Anaconda,  Mont. 

Boston  ft  Montana,  Great  Falls,  Mont. 

Nichols  Copper  Co. 

American  Smelting  ft  Befining  Co. 

Bar  it  an  Copper  Works 

United  States  Metals  Befining  Co. 

Tacoma  Smelting  ft  Befining  Co. 

Speaking  generally,  there  are  two  systems  in  use — ^the  mul- 
tiple and  the  series — each  system  being  attended  with  its  re- 
spective advantages  and  disadvantages. 

The  sketch  (Fig.  1)  shows  the  arrangement  of  the  series 
system,  where  the  copper  to  be  refined  is  termed  **bi-polar  elec- 
trodes", each  electrode  being  dissolved  from  one  face  in  the 
process  of  refining,  and  the  refined  deposit  of  copper  formed  on 
the  face  opposite  of  the  next  electrode.  This  process  probably 
found  favor  in  the  early  days  owing  to  the  lack  of  a  suitable 
generator — due  to  the  fact  that  standard  generators  having  a 
normal  ampere  output  were  satisfactory  for  use  in  the  series 
system,  while  it  was  necessary  to  use  a  number  of  generators 
connected  in  parallel  to  generate  sufficient  ampere  current  for 
the  multiple  system.  For  instance,  in  1893,  the  New  England 
Electrolytic  Copper  Co.  of  the  Lewisohn  Brothers  had  a  number 
of  small  generators  running  in  parallel  driven  from  a  counter- 
shaft, with  all  the  attendant  difficulties  of  poor  engine  and  volt- 
age regulation,  belt  slippage,  etc.  The  series  system  is  still 
largely  used,  but  the  proportion  of  copper  refined  by  this 
method  is  considerably  less  than  formerly  and  all  the  later 
plants  have  adopted  the  multiple  system. 

The  multiple  system  has  been  so  greatly  improved  in  recent 
years  that  at  this  time  it  represents  a  most  satisfactory  system 
of  electrolytic  refining.  One  of  the  principal  difficulties  formerly 
experienced  with  the  multiple  system  was  the  complicated  and 
expensive  system  of  electrical  conductors  necessary  to  carry  the 
current  through  the  tanks.     This  has  been  largely  simplified  by 
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Arthur  L.  Walker,  who  has  invented  a  system  as  shown  in  Figure 
2.  Instead  of  using  one  tank  subdivided  into  two  cells,  with 
heavy  copper  bus-bars  on  each  side  of  tank  and  individual  con- 
necting contact  strips  between  the  electrodes  of  each  cell,  Mr. 
Walker  groups  his  cells  in  batteries  of  from  10  to  17,  requiring 
only  one  heavy  bus-bar  for  the  first  and  last  cells,  and  by  using 
small  triangular  copper  bars  on  the  intervening  partitions  of 
cells,  he  eflfects  a  two-fold  saving  in  voltage,  due  to  a  shorter 
electrical  circuit  and  to  a  lower  resistance  due  to  the  sharp  con- 
tact between  the  anodes  and  cathode  rods  and  the  triangular 
bars.    This  system  also  largely  decreases  the  cost  of  installation. 


Bu93  bar  h59  divided  info  a 
nest  afit  or  more  tanks 


Triangular  bar- 


e^Confact  loss 


4± 

Coniacfaicafhoc/e  connectnm 


-vw— 


Fig.  2.     Walk«r  Multiple  System. 


The  internal  electric  circuits, — ^namely  the  rod  supporting  the 
cathode  and  the  clips  between  the  cathode  and  cathode  rod,  the 
copper  resistance  of  the  anode  itself,  and  the  three  electrode  con- 
tacts— still  form  a  serious  loss  in  the  multiple  system  that  is  not 
in  evidence  at  all  in  the  series  system.  However,  the  potential  of 
the  multiple  system  is  so  extremely  low  that  it  is  easy  to  obtain 
an  ampere  efficiency  of  90%,  while  with  the  series  system  the 
current  leaking  from  the  first  positive  to  the  last  negative  elec- 
trode in  the  tank  effects  a  power  loss  which  fully  equals  the 
loss  by  the  voltage  drop  in  the  copper  circuit  and  contact  resist- 
ance of  the  multiple  system. 

Since  the  inception  of  electrolytic  copper  refining,  a  great 
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improvement  has  been  effected  in  the  quality  of  the  refined 
product. 

When  electrolytic  copper  was  first  put  on  the  market,  it  was 
irregular  in  quality,  due  to  the  presence  of  impurities,  and  con- 
sequently sold  at  a  small  discount  from  the  price  of  Lake  cop- 
per; and  this  discrimination  in  price  has  continued  until  the 
present  day,  but  without  any  justification,  for,  owing  to  im- 
provement in  methods  in  operation,  electrolytic  copper  is  now 
uniform  in  quality,  and  when  compared  with  Lake,  is  superior 
by  analysis. 

In  the  past,  it  was  a  common  occurrence  for  the  copper  in 
the  tanks  to  deposit  itself  in  a  soft  and  spongy  condition  and 
containing,  in  many  cases,  an  excessive  amount  of  arsenic,  anti- 
mony and  other  impurities.  In  such  cases  the  cathodes  would  be 
at  once  removed  from  the  tanks  and  new  cathodes  started;  and 
thus,  from  time  to  time,  the  quality  of  the  refined  product  would 
vary,  which  resulted  in  an  un-uniform  quality  wire  bar  or  other 
easting. 

This  irregularity  was  due  to  a  number  of  reasons,  among 
which  may  be  mentioned  engine  or  generator  troubles  causing 
interruption  of  the  flow  of  electric  current,  insuflScient  circula- 
tion of  the  electrol3i;e,  undue  variations  in  temperature,  failure 
to  maintain  the  solution  in  proper  chemical  proportion,  etc.,  any 
one  of  which  might  produce  an  impure  cathode  copper. 

Now,  however,  this  is  all  changed,  and  by  the  development 
of  the  art  and  improved  apparatus  the  modem  refinery  turns 
out  a  product  absolutely  uniform  in  quality,  the  cathodes  being 
hard  and  smooth  and  assaying  99.96%  copper. 

As  an  illustration  of  the  high  degree  of  purity  of  electrolytic 
copper  now  produced,  as  compared  to  the  earlier  product,  it 
should  be  noted  that  Matthiessen,  in  about  1865,  established  the 
maximum  electrical  conductivity  of  supposedly  pure  copper.  On 
his  basis,  cathode  copper  now  frequently  shows  a  conductivity  of 
102.00%  and  over. 

Arsenic  is  undoubtedly  the  most  deleterious  element  which 
may  be  present  in  electrolytic  copper,  and  the  presence  of  very 
small  quantities  will  very  materially  reduce  the  electrical  con- 
ductivity. For  instance,  if  0.01%  is  present  in  the  metallic  form, 
the  conductivity  will  be  reduced  approximately  3%.     Conse- 
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quently,  the  greatest  care  must  be  exercised  in  the  tank-room 
operations  and  in  the  subsequent  furnace  treatment  to  limit  the 
arsenic  contents  to  an  exceedingly  minute  figure,  the  maximum 
percent  permissible  in  first-class  electrolytic  castings  being 
0.002%,  and  this  must  be  present  in  the  oxide  form.    Figure  3 
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Fig.  3.    Approximate  Onrre  Sliowing  Effect  of  Axeenie  on  OondnotiTitj  of  Copper. 


gives  a  curve  showing  the  effect  of  arsenic  on  the  conductivity 
of  copper. 

While  the  specifications  of  the  wire  mills  have  become  more 
exacting,  from  time  to  time,  in  their  requirements  for  physical 
and  metallurgical  properties,  the  refineries,  at  present,  are  able 
to  produce  castings  which  are  entirely  acceptable  to  the  trade. 
Castings  must  conform  closely  to  fixed  dimensions  and  weights, 
must  be  reasonably  free  from  cold  shuts,  fins  and  mechanical  im- 
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perfections  in  general,  and  possess  the  necessary  high  conduc- 
tivity. These  conditions  are  met  and,  in  fact,  the  electrical  con- 
ductivity and  physical  properties  exceed  by  a  considerable 
margin  the  specifications  called  for  by  the  American  Society  for 
Testing  Materials  for  standard  electrolytic  copper. 

Many  improvements  have  been  effected,  in  recent  years,  in 
the  various  departments  of  electrol3i;ic  refining.  A  special  type 
of  generator  with  extremely  flexible  electrical  characteristics  has 
been  developed. 

Solutions  are  generally  circulated  by  means  of  centrifugal 
pumps  invented  by  F.  L.  Antisell  of  Perth  Amboy,  this  type  of 
pump  being  used  in  most  of  the  large  copper  refineries.  It  is 
constructed  of  hard  lead,  without  packing  glands  or  any  wear- 
ing parts  being  subjected  to  corrosion  of  the  solution  and  op- 
erates at  a  high  mechanical  efficiency  with  very  little  repairs. 

Anode  and  cathode  furnaces  have  been  increased  in  size 
from  a  capacity  of  50,000  lbs.  and  less  to  500,000  lbs.  and  over 
per  charge.  Instead  of  charging  by  hand,  charging  machines 
(Ladd  and  Prosser  patent)  are  used,  which  greatly  increase  the 
rapidity  of  the  furnace  cycle,  effect  a  large  saving  in  the  cost  of 
operations  and  render  possible  furnaces  of  large  tonnage. 

Furnaces  are  generally  partially  or  wholly  lined  with  mag- 
nesite  or  chrome  brick,  instead  of  the  old  silica-brick  linings, 
thus  effecting  a  saving  in  slag  production  and  reducing  the  cost 
of  repairs  due  to  the  corrosion  of  the  furnace. 

Owing  to  the  increase  in  the  size  of  furnaces,  it  became  nec- 
essary to  remove  the  molten  copper  more  rapidly  than  could  be 
done  by  the  old  hand-ladling  method,  and  the  McCoy  and 
Walker  casting  machines  were  evolved  and  are  now  largely  used. 
At  the  plant  of  the  Karitan  Copper  Works,*  Perth  Amboy,  the 
Clark  and  Clark  casting  wheel  was  developed  and  is  now  in 
successful  use  on  their  500,000-lb.  furnaces.  The  copper  is 
tapped  from  the  furnace  into  the  ladle  and  six  bars  poured  at 
one  and  the  same  time,  the  moulds  being  set  radially  on  the  cast- 
ing wheel.  By  this  method,  100,000  lb.  and  over  of  standard- 
size  wire  bars  are  cast  per  hour. 

Furnaces  now  are  almost  invariably  equipped  with  waste- 
heat  boilers  of  various  types,  and  the  result  is  a  largely  increased 
efficiency  of  the  fuel  used. 
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From  the  rapid  increaae  in  the  world's  production  of  cop- 
per, and  considering  the  large  proportion  that  is  refined  elec- 
trolytically,  it  is  reasonable  to  suppose  that  considerable  expan- 
sion may  be  looked  for  in  the  near  future  in  electrol3i;ic  refin- 
ing; and  of  the  many  new  ore  deposits  now  being  developed, 
doubtless  a  large  proportion  will  be  treated  electrolytically. 

The  curve  in  Fig.  4  shows  the  world's  production  of  copper 
from  1850  to  1913.  This  curve  may  be  of  interest,  as  it  indi- 
cates the  rapid  increase  in  the  production  of  the  metal.  Of  the 
production  of  1,120,000  tons  in  1913,  about  68%,  or  750,000  tons, 
was  treated  electrolytically  in  the  United  States;  and  of  this 
amount,  about  72%,  or  some  543,000  tons,  was  refined  within 
a  radius  of  twenty-five  miles  of  Perth  Amboy,  New  Jersey. 
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INTRODUCTION. 

The  industrial  uses  to  which  a  metal  may  be  put  are  gov- 
erned largely  by  its  physical  properties,  although  the  question 
of  expense  usually  determines  whether  the  particular  metal  best 
suited  for  a  given  purpose  is  utilized. 

The  multitude  of  purposes  for  which  copper  is  used  to-day 
is  due  to  both  the  above  considerations.  Improvements  in  meth- 
ods of  extracting  the  metal  from  its  ores  have  made  it  available 
in  large  quantities  at  a  comparatively  low  cost,  while  its  physical 
properties  make  it  ideal  for  some  purposes  and  highly  desirable 
for  others. 

In  prehistoric  times  copper  was  used  for  simple  cooking 
utensils  and  implements  of  war  probably  because  it  could  be 
obtained  easily  and  its  ductility  made  it  possible  to  form  it  into 
useful  articles  even  with  the  crude  methods  then  in  use.  Much 
of  the  metal  used  was  not  pure  but  was  alloyed  with  other  ele- 
ments, which  imparted  desirable  properties  for  some  purposes 
and  undesirable  for  others.  It  is  probably  true  that  the  so-called 
tempered  copper  of  the  ancients  was  in  reality  a  bronze  which 
had  been  hardened  by  hammering. 

As  civilization  spread  and  grew,  the  uses  for  copper  multi- 
plied and  various  elements  were  purposely  alloyed  with  it  to  pro- 
duce desirable  qualities,  but  only  recently  has  a  systematic  effort 
been  made  to  study  the  effect  of  various  impurities  on  the  prop- 
erties of  copper  and  the  effect  of  mechanical  work  and  heat  treat- 
ment on  the  metal  and  its  alloys. 
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The  results  of  much  careful  and  systematic  research  along 
these  lines  on  the  part  of  great  corporations  producing  or  con- 
suming copper  and  its  alloys  have  not  been  published  and  are 
unavailable  for  public  use,  but,  on  the  other  hand,  the  results  of 
research  at  various  educational  institutions  and  some  industrial 
plants  have  been  published  and  have  proved  of  great  practical 
importance. 

It  is  the  purpose  of  this  paper  to  discuss  the  physical  prop- 
erties of  copper  in  the  light  which  has  been  shed  upon  them  by 
numerous  investigators,  to  whom  the  public  owes  a  large  debt 
for  their  painstaking  work. 

PUBE  COPPEB. 

Traces  of  oxygen  are  purposely  left  even  in  the  highest 
grades  of  copper,  so,  strictly  speaking,  chemically  pure  copper 
has  no  general  industrial  use.  Practically,  however,  the  best 
qualities  of  tough-pitch-copper  are  usually  spoken  of  as  pure. 

The  melting  point  of  copper  has  been  fixed,  by  the  latest 
investigators,  as  1083°  C.  instead  of  1084°,  which  was  for  a  long 
time  considered  to  be  the  correct  temperature.  The  specific 
gravity  of  the  solid  metal  is  given  by  the  Bureau  of  Standards 
as  8.89  at  20°  C.  This  figure  is  lowered  when  the  metal  contains 
oxygen.  The  latent  heat  of  fusion  is  43.3  cal.,  and  Kahlbaum  has 
fixed  the  boiling  point  at  2310°  C.  The  specific  heat  at  170° 
C.  is  0.09244;  at  100°,  0.09422 ;  and  at  300°,  0.09846.  The  coeffi- 
cient of  linear  expansion  is  0.000017. 
Electrical  Conductivity. 

The  use  of  copper  for  electrical  purposes  is  so  general  that 
high  conductivity  is  of  importance  in  a  large  part  of  the  metal 
produced.  High  purity  is  the  first  requirement,  for  even  traces 
of  an  element  which  remains  dissolved  in  the  solid  copper 
greatly  lower  the  conductivity.  Substances  which  do  not 
remain  dissolved  in  the  solid  copper  are  not  so  harmful,  but 
yet  lower  the  conductivity  somewhat. 

The  ideal  condition  would  be  chemically  pure  metal  free 
from  pores,  but  this  can  only  be  approached,  for  it  has  been 
found  practically  impossible  to  cast  a  sound  ingot  of  pure 
copper.     If  all  the  oxygen  is  removed  from  otherwise  pure 
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copper,  in  the  refiniog  process,  the  metal  readily  absorbs  gases, 
some  of  which  are  expelled  during  solidification,  leaving  the 
ingot  porous  and  worthless  for  drawing  into  wire.  It  there- 
fore becomes  necessary,  as  previously  stated,  to  leave  traces  of 
oxygen  in  the  refined  copper.  This  exists  in  the  form  of  Cu,0 
undissolved  in  the  solid  copper,  and  although  leas  harmful  thau 
if  it  existed  as  a  solid  solution,  its  effect  is  noticeable. 

Even  the  best  of  castings  are  somewhat  porous  and,  there- 
fore, relatively  low  in  conductivity.    Mechanical  work  on  cop- 
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per  greatly  improves  it  in  this  respect;  therefore,  forgings 
rather  than  eastings  have  usually  been  used  for  heavy  conduct- 
ing parts  of  electrical  machines.  Because  of  the  lower  cost  of 
castings,  many  attempts  have  been  made  to  so  improve  their 
conductivity  that  they  could  be  substituted  for  forgings.  "Wein- 
traub  (Metal  Industry,  1912,  10,  462)  has  succeeded  in  produc- 
ing castings  having  a  conductivity  of  97  by  adding  small 
amounts  of  boron,  carrying  traces  of  oxygen,  to  the  ladle  just 
before  casting.  By  this  method  the  copper  is  deoxidized,  but 
the  casting  becomes  solid  before  gases  can  be  absorbed  to  make 
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it  porous.  The  boron  and  its  oxide  are  insoluble  in  copper  and 
thus  lower  its  conductivity  only  slightly.  The  mechanical  prop- 
erties of  castings  produced  in  the  above  manner  are  excellent 
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and   they   are   being  \ised   in  many  cases  as  substitutes  for 
intricate  and  expeoBive  forgings. 

Hard-drawn  copper  has  a  lower  conductivity  than  annealed 
copper,  but  for  mechanical  reasons  it  is  often  necessary  to  use 
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the  former.  It  can  be  readily  seen  that  bending  or  twisting  a 
wire  will  lower  its  conductivity,  as  it  has  the  same  effect  on 
the  metal  as  does  mechanical  work.  In  some  cases,  however, 
the  apparent  lowering  in  conductivity  which  has  been  noticed 
under  these  circumstances  has  been  due  to  a  reduction  in  the 
cross  section  of  the  wire. 

Fig.  1  shows  the  effect  of  mechanical  work  on  conductivity, 
and  Figs.  2  and  3  the  effects  of  various  impurities.  (Hofman, 
Metallurgy  of  Copper.) 

Thermal  Oonductiyity. 

The  thermal  conductivity  of  copper  is  high  in  compari- 
son with  that  of  most  metals,  which  makes  it  desirable  for 
many  purposes  where  rapid  transmission  of  heat  is  an  impor- 
tant factor.  Its  temperature  coefficient  is  about  2^  times  that 
of  iron. 

Widely  varying  coefficients  for  copper  appear  in  the  litera- 
ture, which  has  led  to  an  investigation  by  the  Bureau  of  Stand- 
ards. (Bulletin,  Vol.  7,  No.  1.)  The  results  of  these  tests  show 
that  the  thermal  conductivity  of  copper  varies  uniformly  with 
the  electrical  conductivity.  The  constant  factor  was  found  to 
be  0.00394.  The  electrical  conductivity,  expressed  decimally, 
multiplied  by  this  factor  gives  the  temperature  coeflScient  at 
20**  C. 

This  factor  is  of  importance,  as  it  may  be  used  in  calcu- 
lating the  electrical  conductivity  when  the  temperature  coef- 
ficient is  more  easily  obtained,  as  in  the  case  of  irregular  speci- 
mens. 

Experiments  with  wire  wound  around  drums,  twisted  or 
bent,  showed  that  the  temperature  coefficient  was  unchanged 
by  this  treatment. 

Mechanical  Properties. 

The  mechanical  properties  of  copper  depend  on  its  purity 
and  on  whether  it  is  cast,  annealed,  or  had  mechanical  work 
done  on  it,  in  other  words,  on  its  physical  condition. 

The  microscopic  examination  of  polished  sections  has  been 
valuable  in  studying  the  structure  of  copper  electrodes,  cast- 
ings, forgings,  etc.,  and  much  information  has  been  obtained 
in  this  manner. 
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The  Btructare  of  cathode  copper  has  been  shown  by  Faust 
(Zeit.  Anorg.  Chemie,  1912,  78,  201)  to  be  cryBtalline,  the  size 
of  the  crystals  varying  inversely  with  the  current  density  and 
directly  with  the  concentration  of  the  electrolyte.  The  first 
layer  deposited  consists  of  numerous  small  crystals,  the  growth 
of  which  is  independent  of  the  surface  conditions  of  cathode 
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and  is  parallel  to  the  direction  of  the  current.  Not  all  of  the 
small  original  crystals  continue  to  grow.  On  annealing  the 
cathode  the  crystals  re-arrange  themselves  (Pig.  4). 

The  crystalline  growth  which  takes  place  when  electro- 
lytic copper  has  been  fused,  cast,  and  rolled  and  subsequently 
annealed  is  shown  in  Figs.  5  to  9  (Faust), 
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The  mechanical  properties  of  copper  at  temperatures  up  to 
900°  P.  have  been  studied  by  Huntington  (Joum.  Inst.  Metals 
1912,  2,  126),  and  his  curves,  which  are  self-explanatory,  are 
shown  in  Figs.  10-13.  The  arseQical  copper  contained  0.231  As. 
The  effect  of  annealing  hard-drawn  copper  at  different  tem- 
peratures is  shown  in  Fig.  14  (Hofman,  "Metallurgy  of  Cop- 
per"). 


FU.  B.      Bmu  u  rig.  8;  Buted  ID  HnatM  at  lOGO*  0. 

Copper  is  mechanically  improved  by  hot-working.  It  is 
closer  grained  than  when  cast  and  its  strength  and  ductility  are 
both  increased.  If,  however,  the  working  is  continued  when 
the  metal  is  too  cool  to  allow  molecnlar  re-arrangement,  per- 
manent distortion  of  the  grains  takes  place,  necessitating  a  sub- 
sequent annealing.  Fig.  15  shows  the  so-called  "slip  bands" 
which  occur  when  oopper  is  rolled. 
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Fig.  10.     strength  of  Hot  Copper. 
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When  copper  is  autogenously  welded  by  the  oxy-acetylene 
method  and  the  specimen  stretched  to  the  breaking  point,  the 
break  is  found  to  occur  at  one  side  of  the  weld  (Carnevah, 
Journ.  Inst.  Metals,  1912,  8,  284).  This  is  probably  due  to 
the  fact  that  during  the  preliminary  heating  the  metal  in  the 
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Fig.  18.    Dnetmty  of  Hot  Copper. 
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vicinity  of  the  weld  absorbs  some  of  the  gases  which  are  abun- 
dant in  the  acetylene  flame,  and  is  consequently  made  porous 
and  weak.  The  metal  used  for  filler  is  usually  in  the  form  of 
fine  wire,  which  is  quickly  melted  without  excessive  absorption 
of  gases.  The  presence  of  phosphorus  in  the  copper  assists 
in  keeping  down  the  oxidation.  The  high  heat  conductivity  of 
copper  makes  the  welding  of  large  masses  difficult. 
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The  effect  of  annealing  temperature  and  rate  of  cooling  on 
copper  is  shown  in  Fig.  16.  The  conclusion  to  be  drawn  from 
it  is  that  maximum  ductility  is  obtained  when  the  metal  is 
heated  to  a  bright  red  and  quenched  (Johnson,  Met.  &  Chem. 
Eng.,  1911,  9,  87).  Copper  heated  above  1000°  cannot  be  hot- 
worked  and  becomes  "burnt"  if  it  greatly  exceeds  this  tem- 
perature. In  annealing,  care  should  bo  taken  to  exclude  reduc- 
ing gases  which  tend  to  deoxidize  the  copper  and  make  it  porous 
and  worthless. 


Fit.  16.     Ooppm,  flhowUii  nil  Band*  in  %  Twimad  OrTitaL 

Cold-working  increases  the  tensile  strength  and  lowers  the 
ductility.  Le  Chatelier  states  that  27  tons  per  square  inch  is. 
the  maximum  tensile  strength  of  drawn,  fine  copper  wire.  The 
tensile  strength  of  the  small  sizes  of  bard-drawn  wire  runs 
relatively  much  higher  than  that  of  the  larger  sizes.  (Pye, 
Joum.  Inst.  Metals,  1911,  6,  165).  The  increase  in  yield  load  is 
approximately  proportional  to  the  diameter  instead  of  the 
square  of  the  diameter  as  might  be  expected. 
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Cast  copper  subjected  to  shock  tests  shows  low  resilience. 
(Baucke,  Int.  Zeitschrift  fiir  Metallog.,  1912,  3,  195).  The 
resilience  is  greatly  increased  by  nickel,  tin,  zinc,  manganese 
and  aluminum.  It  is  desirable,  therefore,  where  conductivity  is 
not  a  factor,  to  add  small  amounts  of  one  of  the  above  elements 
to  the  metal.    The  resilience  is  lowered  by  even  small  amounts 


Fig.  16.    Effect  of  Heat  Treatment  on  Behavior  Under  Alternating  Stresses. 


of  bismuth  and  oxygen.    It  will  be  noted  later  that  the  above 
elements,  which  improve  the  resilience,  are  soluble  in  solid 
copper,  while  those  which  are  detrimental  are  insoluble  in  the 
solid  copper.    This  is  doubtless  the  explanation  of  the  effect. 
Oases  in  Copper. 

When  large  charges  of  copper  are  treated  in  a  refining 
furnace,  conditions  are  ideal  for  the  absorption  of  the  products 
of  combustion.  The  most  harmful  of  these  gases  is  SO2,  which, 
under  certain  conditions,  may  be  reduced  and  enter  the  metal 
as  sulphide.  K  the  gases  have  a  reducing  effect,  the  copper 
may  be  completely  deoxidized,  which,  as  previously  stated, 
should  be  avoided.  Hydrogen  has  a  hardening  effect,  for  rea- 
sons not  fully  understood. 

The  gases  absorbed  by  the  copper  are  gradually  expelled 
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as  the  molten  metal  cools,  but  the  greatest  evolution  of  gas 
occurs  just  as  the  metal  solidifies,  which  may  leave  pores  where 
gas  has  escaped  or  minute  cavities  which  retain  the  gas.  It  is 
obvious  that  this  condition  is  detrimental  to  the  metal,  for 
whatever  purpose  it  may  be  intended.  Guichard  has  heated 
copper  in  a  vacuum  and  found  that  at  600  to  630°  C.  some  COj, 
H,  and  N  with  a  little  CO  are  evolved. 

IMPURITIES  OF  COPPER. 

The  one  impurity  which  is  most  common  in  copper,  as  has 
already  been  stated,  is  oxygen  which  exists  as  minute  particles 
of  CugO  distributed  throughout  the  metal,  for  the  most  part 
between  the  grains.  The  effect  of  the  addition  of  another  ele- 
ment depends  first  on  its  deoxidizing  effect,  second  on  the  solu- 
bility of  the  oxide  of  the  element  in  solid  copper,  third  on  the 
solubility  of  the  element  in  solid  copper  without  chemical  com- 
bination, and  fourth  on  the  chemical  affinity  of  the  element 
for  copper  and  the  solubility  of  the  chemical  compound  in 
solid  copper.  Too  much  stress  cannot  be  put  on  these  facts, 
and  a  knowledge  of  the  equilibrium  diagrams  of  copper  and 
the  various  other  elements  is  of  great  importance  in  interpret- 
ing or  predicting  different  phenomena. 

It  is  evident  that  when  a  metal,  tin  for  example,  remains 
completely  dissolved  in  the  solid  copper  its  effect  on  the 
mechanical  properties  is  quite  different  from  that  of  a  metal, 
lead  for  example,  which  has  no  solubility  in  solid  copper  and 
remains  as  metallic  lead  between  the  copper  grains.  This 
explains  the  general  industrial  use  of  brasses  and  bronzes, 
which  come  under  the  first  class  mentioned  above. 

It  is  not  only  necessary  to  consider  the  effect  of  an  impurity 
when  present  alone,  but  also  when  present  with  other  elements. 
The  bad  effect  of  one  substance  on  the  mechanical  properties  of 
copper  may  frequently  be  neutralized  by  even  a  small  amount 
of  a  second  substance;  and,  on  the  other  hand,  two  elements, 
each  in  itself  beneficial,  may,  when  present  together,  prove 
undesirable. 

Since  copper  alloys  are  not  within  the  province  of  this 
paper,  the  effect  of  only  small  amounts  of  impurity  will  be- 
considered  in  the  following  discussion. 
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Effect  of  Oxygen. 

The  equilibrium  diagram  of  Cu  and  Cu^O  is  given  in  Fig. 
17,  It  is  here  seen  that  the  two  substances  form  a  eutectic  at 
3.4  percent  CUjO  (0,36  percent  0).  The  freezing  point  of  this 
eutectic,  1064°  C,  was  long  supposed  to  be  the  true  melting 
point  of  copper.  The  curve  also  shows  that  the  ozide  is  inaolu'' 
ble  in  the  solid  metal,  and  thus  is  undesirable  if  present  in 
appreciable  amounts.  The  characteristic  structure  of  refined 
copper  is  shown  in  Fig.  18.  The  network  of  oxide  is  seen  to 
divide  the  metal  into  grains.  Johnson  (Met.  and  Chem.  Eng., 
1910,  8,  570)  suggests  that  this  is  a  distinct  advantage  when 
the  metal  is  subjected  to  a  transverse  stress,  for  the  so-called 
"slip  bands",  which  occur  in  the  metal  previous  to  rupture, 


Fll-  17.    Ooppn-O^ias  SmIm. 

are  not  so  easily  propagated  through  the  oxide  divisions  and 
thus  make  the  metal  more  difficult  to  break. 

Although  the  oxide  in  itself  is  theoretically  and,  if  in 
excess,  practically  detrimental  to  copper,  it  performs  a  func- 
tion which  makes  it  desirable  in  small  amounts.  This  function 
is  two  fold:  First,  the  presence  of  oxygen  prevents  the  absorp- 
tion of  excessive  quantities  of  other  gases;  and  second,  when 
some  Cu,0  is  present,  other  impurities  are  in  the  oxidized  state, 
in  which  form  they  have,  in  general,  less  influence  in  lowering 
the  conductivity  of  the  metal.  "When  high  conductivity  is  not 
an  object,  the  copper  may  be  deoxidized  by  tin  or  some  other 
agent  which  improves  the  mechanical  properties  of  the  metal. 

The  determination  of  oxygen  in  refined  copper  by  metal- 
lographic  methods  has  been  successfully  done  with  reasonable 
accuracy.     The  most  recent  and  quickest  method  is  that  of 
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Bardwell  (Trans.  A.  I.  M.  £.,  1913).  In  this  case,  the  polished 
and  etched  specimen  is  placed  under  the  microscope  and  the 
image  projected  upon  Duplex  paper  to  cover  a  circle  about  fif- 
teen inches  in  diameter.  The  eutectic  areas  are  then  traced 
with  a  hard  pencil,  cut  out  and  weighed.  From  the  relative 
weights  of  the  original  circle  and  eutectic  areas,  the  amount  of 
oxygen  can  be  calculated. 


rif.  18.     B«flii«d  Oopvar. 

Effect  of  Anenic. 

As  seen  in  Fig,  19,  solid  copper  can  dissolve  a  maximum 
of  fonr  percent  arsenic,  probably  in  the  form  of  an  arsenide  of 
copper.  "With  larger  amounts  of  arsenic,  the  solid  metal  will 
show  two  constituents  when  viewed  under  the  microscope.  As 
would  be  expected  from  the  above  facts,  the  presence  of  arsenic 
up  to  about  two  percent  improves  the  mechanical  properties 
of  copper,  but  greatly  lowers  its  conductivity. 

Bengough  and  Hill  (Joum.  Inst.  Metals,  1910,  III,  34)  draw 
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the  following  conclusioDs  from  tests  on  five  bars  of  copper 
■carrying  arsenic  varying  from  0.04  to  1.9i  percent. 

1.  Arsenic  in  small  quantities  tends  to  increase  the  maxi- 
mum stress  -without  affecting  appreciably  the  ductility, 

2.  It  increases  their  resistance  to  reducing  gases  at  high 
temperatures. 

3.  Alloys  with  low  percentages  of  arsenic  tend  to  be  unho- 
mogeneous,  but  with  increase  in  the  arsenic  this  ceases  to  be 
apparent.  Slight  heterogeneity  is  probably  an  inherent  defect 
in  low-arsenic  alloys. 

4.  In  ordinary  oxidizing  atmosphere  no  heat  treatment  (for 
three  hours  or  less)  short  of  an  approximation  to  fusion  seri- 
ously affects  the  properties  of  these  alloys.     The  only  result 
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of  annealing  is  to  render  the  bars  slightly  more  homogeneous 
and  to  lower  the  yield-point  somewhat.  This  statement,  how- 
ever, does  not  apply  to  annealing  temperatures  in  the  neigh- 
borhood of  1000°  C. 

5.  Alloys  with  less  than  one  percent  of  arsenic  are  ruined 
by  the  action  of  reducing  gases  for  three  hours  at  700°  C.  or 
above  it ;  in  some  eases  the  action  is  apparent  at  600°  C. 

6.  The  yield  points  of  these  alloys  are  somewhat  variable 
and  unsatisfactory. 

Regarding  the  reducing  effect  of  arsenic  on  Cu^O  authori- 
ties differ.  It  is  probable,  however,  that  metallic  arsenic  does 
have  a  slight  reducing  effect.  The  presence  of  arsenious  oxide 
is  distinctly  harmful  when  the  metal  is  heated  in  hot  reducing 
gH.s(>s.     The  tests  of  Bongough  and  Hill  indicate  that  CO  and 
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H  penetrate  to  all  parts  of  the  hot  metal  and  reduce  the  oxide 
with  the  formation  of  COg  and  H^O.  If  much  oxide  is  present 
the  formation  and  expansion  of  the  above  gases  may  shatter 
the  specimen. 

It  has  been  found  that  the  deoxidization  of  arsenical  cop- 
per by  means  of  ferro-silicon  greatly  improves  its  qualities. 
The  resulting  metal  contains  small  quantities  of  silicon  and  iron 
which  are  beneficial. 

The  effect  of  arsenic  in  the  presence  of  iron  and  silicon  is 
well  illustrated  by  the  following  table:  (Johnson,  Jl.  Inst. 
Metals,  1913,  X,  279). 


Tens.   Str. 

Elongation, 

Oxygen 

Arsenic 

Silicon 

Iron 

Tons 

percent  on 

Percent 

Percent 

Percent 

Percent 

per  sq.  ft. 

3  inches 

0.089 

0 

0 

0 

14.92 

39 

0.066 

0.344 

0 

0 

15.70 

41 

trace 

0.69 

0 

0.43 

17.05 

48 

0 

0.35 

0.80 

0.24 

18.25 

37 

0 

0.38 

0.36 

0.13 

16.20 

41 

0 

0.39 

0.22 

0.13 

16.30 

37 

0 

0.35 

0.15 

0.07 

15.85 

40 

0 

0.36 

0.20 

0.06 

15.60 

50 

0 

0.34 

0.02 

0.035 

15.55 

43 

In  the  above  specimens,  the  ingots  were  found  to  be  sound 
and  free  from  porosity.  The  addition  of  the  iron  and  silicon 
also  increased  the  toughness,  as  shown  by  alternating  stress 
tests.  The  deteriorating  effect  of  hot  reducing  gases  was  found 
to  be  less  marked  on  the  specimens  containing  iron  and  silicon. 

The  presence  of  arsenic  not  only  makes  copper  harder  but 
also  makes  it  more  difficult  to  anneal.  (Johnson,  Met.  and 
Chem.  Eng.,  1910,  8,  570.)  Two  samples  of  copper,  one  tough- 
pitch  and  the  other  containing  0.36  percent  arsenic,  were  hard- 
ened by  rolling  and  subjected  to  a  temperature  of  about  200® 
C.  for  four  weeks.  The  tensile  strength  of  the  pure  copper 
fell  off,  while  that  of  the  arsenical  copper  was  practically  unaf- 
fected. Two  other  samples  were  treated  at  870°  C.  for  four 
hours,  which  caused  a  falling  off  of  44  percent  in  the  tensile 
strength  of  the  pure  copper  and  only  a  6  percent  loss  in  the 
tensile  strength  of  the  arsenical  copper. 
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Figs.  10-13  show  a  comparison  of  the  mechanical  proper- 
ties of  electrolytic  and  arsenical  copper  (0.234  percent  As)  at 
temperatures  up  to  900**  F. 
Effect  of  Nickel. 

Alloys  of  copper  and  nickel  form  solid  solutions  at  all 
compositions  which  makes  nickel  a  desirable  element  for  improv- 
ing the  mechanical  properties  of  copper.  It  is  particularly 
effective  in  hardening  copper  and  raising  the  tensile  strength. 
Its  effect  on  the  other  properties  is  not  so  marked. 

Antimony  has  been  found  to  magnify  the  effects  of  nickel. 
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Fig.  20.     Ooppar-Iioad  Alloyi   (Prledrich). 

Effect  of  Lead. 

The  equilibrium  diagram  for  the  copper-lead  series  of 
alloys  is  given  in  Fig.  20.  This  indicates  that  lead  is  insoluble 
in  solid  copper.  Existing  as  it  does  in  the  form  of  minute  glob- 
ules distributed  through  the  copper,  it  has  no  beneficial  effect, 
but,  on  the  contrary,  reduces  the  strength,  ductility,  and  tough- 
ness of  the  metal.  During  hot-working,  the  lead  melts  and 
makes  the  metal  red-short.  Lead  has  a  deoxidizing  effect  on 
copper  and  the  lead  oxide  formed  in  the  reaction  is  less  harm- 
ful than  the  metal.  Arsenic  lessens  the  bad  effects  of  lead,  due 
to  the  fact  that  the  latter  dissolves  in  arsenide  of  copper. 

Effect  of  Bismuth. 

Bismuth  is  one  of  the  most  harmful  elements  in  its  effect 
on  copper.  Even  traces  of  it  in  the  metallic  state  make  the 
metal  brittle,  either  cold  or  hot,  and  prevent  the  drawing  or 
rolling  of  the  metal.     When  oxidized,  bismuth  is  less  harmful. 
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The  equilibrium  diagram  is  shown  in  Fig.  21. 

Effect  of  Iron. 

Solid  copper  can  dissolve  up  to  about  three  percent  iron, 
which  has  a  decided  hardening  effect.  Little  has  been  pub- 
lished regarding  the  mechanical  properties  of  copper  carrying 
small  quantities  of  iron.  The  tensile  strength  and  elasticity 
seem  to  be  increased  and  the  ductility  greatly  lowered.  With 
iron  above  two  percent,  the  alloy  becomes  magnetic  due  to  the 
presence  of  free  iron.  Stead  states  ( Joum.  Iron  &  Steel  Inst., 
1901,  n,  113)  that  copper  with  8  percent  iron  has  the  hardness 
of  forged  steel  containing  1.5  percent  carbon. 
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The  effect  of  small  quantities  of  iron  in  the  presence  of 
arsenic  and  silicon  has  already  been  given  in  the  table  on 
page  16. 

The  equilibrium  diagram  is  given  in  Fig.  22. 

Effect  of  Antimony. 

The  equilibrium  diagram  in  Fig.  23  shows  that  solid  cop- 
per can  dissolve  10  per  cent  of  antimony  in  the  form  of  anti- 
monide  of  copper.  In  general  it  may  be  said  that  the  effect 
of  antimony  is  similar  to  the  effect  of  arsenic.  Small  quan- 
tities (under  0.2  percent)  impart  certain  desirable  qualities, 
such  as  sounder  ingots  and  higher  tensile  strength.  The  duc- 
tility is  slightly  lowered.  There  is  reason  to  believe  that  the 
bad  effects  of  both  antimony  and  arsenic  are  somewhat  lessened 
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when  the  two  are  present  together.  Antimony  is  beneficial 
during  poling,  as  it  seems  to  prevent  the  absorption  of  gases, 
rendering  the  ingot  less  likely  to  *'spew".  A  large  amount 
should  be  avoided,  as  it  makes  the  copper  hard  and  more  difS- 
cnlt  to  roll. 

The  oxides  of  antimony  are  less  soluble  in  the  copper  than 
is  the  antimonate  of  -copper,  and,  consequently,  have  less  effect 
on  the  conductivity. 
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Effect  of  Silicon  and  Phosphorus. 

The  equilibrium  diagrams  for  alloys  of  these  two  elements 
with  copper  are  shown  in  Figs.  24  and  25.  The  principal  use 
of  silicon  and  phosphorous  is  to  deoxidize  the  copper,  thus 
making  it  more  sound.  The  slight  excess  which  remains  after 
reducing  the  CujO  is  dissolved  in  the  copper,  making  it  harder 
and  increasing  the  tensile  strength  with  decrease  in  ductility. 
Silicides  and  phosphides  of  copper  are  formed,  respectively, 
each  of  which  produces  great  brittleness  when  undissolved  in 
the  metal. 

Effect  of  Manganese. 

Copper  forms  solid  solutions  with  manganese,  which  are 
strong  and  fairly  ductile,  but  the  mechanical  properties  of  these 
alloys  are  so  improved  by  the  addition  of  small  quantities  of 
tin  or  zinc  that  manganese  alone  is  seldom  added  to  copper. 

Effect  of  Sulphur. 

Sulphur  unites  with  copper  to  form  CugS,  which,  as  seen  by 
the  equilibrium  diagram.  Fig.  26,  is  insoluble  in  the  metal.    It 
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is  seen  under  the  microscope  as  blue  globules  distributed 
through  the  copper.  It  can  be  distinguished  from  Cu,0,  which 
it  greatly  resembles,  by  etching  the  specimen  with  hydrofluoric 
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acid.  This  treatment  darkens  the  oxide  and  leaves  the  sul- 
phide unattacked.  Copper  shavings  immersed  in  boiling  sul- 
phur are  changed  to  sulphide  in  a  comparatively  short  time, 
and  a  copper  rod  i/4  inch  in  diameter  is  completely  changed  to 
sulphide  on  boiling  for  three  hours  in  sulphur. 
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The  effect  of  sulphur  is  wholly  bad,  rendering  the  metal 
porous  and  weak. 
Effects  of  Zinc,  Tin  and  Alnminnm. 

A  discussion  of  the  eflPects  of  these  elements  would  enter 
the  great  field  of  brasses  and  bronzes,  which  is  not  within  the 
province  of  this  paper.  These  alloys  are  preferred  to  pure 
copper  for  many  purposes,  because  their  strength  is  much 
greater  than  the  latter  and  their  ductility  high,  allowing  them 
to  be  easily  forged  or  drawn  into  wire. 

Each  forms  a  series  of  solid  solutions  with  copper  and  also 
has  a  deoxidizing  effect.  The  oxides  are  insoluble  in  the  copper. 
Effects  of  Other  Impurities. 

Magnesium  is  sometimes  used  as  a  deoxidizing  agent  on 
copper.  It  forms  several  compounds  with  copper,  each  of 
which,  as  well  as  the  oxide  of  magnesium,  is  insoluble  in  the 
solid  metal.    An  excess  of  magnesium  is  therefore  undesirable. 

Titanium  is  useful  as  a  deoxidizing  agent  and  assists  in 
producing  sound  castings,  but  the  tests  of  Bensell  (Metall  u. 
Erz,  1914,  XI,  10,  46)  indicate  that  an  excess  weakens  the  metal. 

Tungsten  and  chromium  are  insoluble  in  solid  copper,  and 
although  little  has  been  published  regarding  the  properties  of 
these  alloys,  it  is  probable  that  there  is  at  least  no  benefit  to 
the  copper  from  the  presence  of  these  metals. 

Vanadium  is  soluble  in  copper,  up  to  seven  per  cent. 
According  to  Norris  (Journ.  Franklin  Inst.,  1911,  171,  581)  a 
few  hundredths  of  a  percent  reduce  the  electro-conductivity  to 
a  marked  degree  and  increase  the  elastic  limit,  tensile  strength 
and  ductility  from  ten  to  twenty  percent. 

Thallium,  selenium  and  tellurium  are  each  insoluble  in 
solid  copper,  and  even  small  quantities  are  undesirable. 

Copper  can  dissolve  ten  percent  of  cobalt,  the  effect  of 
which  is  somewhat  similar  to  nickel. 

CONCLUSIONS. 

It  is  impossible  to  summarize  all  the  facts  brought  out  in 
the  foregoing  discussion,  but  a  few  general  features  are 
prominent. 

It  is  clear  that  any  discussion  of  the  physical  properties  of 
copper  divides  itself  into  two  general  parts — viz.,  electrical  and 
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mechanical  properties.  Unfortunately,  it  is  true  that,  in  gen- 
eral, the  treatment  which  is  most  desirable  from  one  of  these 
standpoints  is  highly  undesirable  from  the  other.  Pure,  soft, 
dense  metal  has  the  highest  conductivity,  but  its  weakness  is 
a  great  handicap  in  transmission  lines.  The  substances  which 
are  soluble  in  the  solid  metal  usually  increase  the  strength,  but 
always  lower  the  conductivity.  On  the  other  hand,  substances 
which  are  insoluble  in  the  solid  metal  lower  the  conductivity  to 
a  much  less  degree,  but  usually  weaken  the  metal.  These  facts 
should  be  continually  borne  in  mind  when  adding  a  metal  to 
copper  for  any  purpose. 

It  has  been  pointed  out  that  in  adding  any  substance  to 
copper,  its  effect  on  CujO  must  always  be  considered.  If  the 
substance  is  used  to  deoxidize  the  copper,  there  next  comes 
the  consideration  of  the  use  for  which  the  metal  is  intended. 
If  high  conductivity  is  desired,  a  deoxidizing  agent  should  be 
chosen,  an  excess  of  which,  together  with  the  oxide  formed, 
will  be  insoluble  in  the  solid  copper,  and,  if  possible,  of  low 
specific  gravity  to  allow  it  to  float  out  of  the  metal  after  deoxi- 
dizing it.  If  the  copper  is  not  to  be  used  for  electrical  pur- 
poses, it  is  usually  desirable  to  use  a  deoxidizing  agent,  an 
excess  of  which  is  soluble  in  the  solid  metal. 

It  would  seem  that  a  period  of  quiescent  fusion  in  a  neu- 
tral atmosphere,  possibly  in  an  electric  furnace,  would  allow 
injurious  undissolved  impurities  to  float  off  and  produce  sounder 
ingots. 

Accurate  equilibrium  diagrams  will  greatly  assist  in  choos- 
ing elements  to  produce  a  given  effect  when  added  to  copper. 
The  great  lack  in  existing  diagrams  is  the  absence  of  solubility 
curves  for  the  solid  state.  Such  curves  are  a  guide  not  only  in 
selecting  a  proper  amount  of  an  alloying  element,  but  also  in 
determining  a  proper  annealing  temperature. 

The  important  subject  of  heat  treatment  of  alloy  copper 
has  hardly  been  touched  on  in  this  paper,  because  little  infor- 
mation is  obtainable.  It  is  undoubtedly  true  that  proper  heat 
and  mechanical  treatment  may  make  an  otherwise  worthless 
alloy  valuable,  and,  on  the  other  hand,  improper  treatment  may 
ruin  a  good  alloy. 

The  leadinsj  effects  of  various  elements,  when  added  to 
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copper,  have  been  discussed,  but  little  reference  has  been  made 
to  the  combined  effects  of  two  or  more  elements.  Here  again 
there  is  little  definite  information  to  be  had.  The  field  is  almost 
unlimited,  and  it  is  probable  that  systematic  research  based 
upon  the  equilibrium  diagrams  for  the  binary  alloys  would  open 
the  way  for  improvements  in  the  mechanical  properties  of 
copper. 

DISCUSSION 

Mr.  IiawTeiice  Addicks,*  Mem.  Am.  Inst,.  M.  E.,  stated  that  he  Mr. 
wished  to  call  attention  to  the  influence  of  the  method  of  casting  upon  Addicks. 
the  effect  of  oxides.  He  said  that,  in  present  copper  refinery  practice,  all 
the  castings  are  made  in  shallow  molds,  which  permits  a  considirable 
surface  of  the  copper  to  be  exposed  to  the  air.  He  stated  that  he  thought 
the  time  was  coming  when  a  little  more  money  would  be  spent  upon 
casting  for  the  sake  of  producing  copper  free  from  oxides.  This  he  said 
could  be  accomplished  by  casting  the  bars  on  end,  so  that  the  area  ex- 
posed to  the  air  would  be  small,  and  then  the  part  containing  the 
absorbed  oxygen  could  be  cut  off  and  remeltcd. 

Mr.  L.  D.  Bicketts,t  Mem.  Am.  Inst.  M.  K.,  asked  if  there  was  any     Mr. 
other  way  of  reducing  cuprous  oxide  in  refined  copper  than  by  poling.        Ricketts. 

Mr.   Addicks   replied   that   he    thought    there   would   be   no    difficulty     Mr. 
in  using  gas  for  this  purpose  and  that  it  might  in   time  be  used,  since  Addicks. 
the  price  of  wood  was  going  up  in  the  East,  whereas  the  price  of  coal 
had  not  been  very  much  affected. 

♦  New  York,  N.  Y. 
t  New  York,  N.  Y. 
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"Boroflux"  as  a  deoxidizer  of  cast  copper  is  now  used  in 
a  large  number  of  foundries,  both  in  the  United  States  and 
abroad.  Based  on  sound  theory  and  easily  carried  out  in  prac- 
tice, the  "  borouizing "  of  copper  is  bound  to  become  the 
standard  method  wherever  east  copper  of  good  mechanical 
properties  and  high  electrical  conductivity  is  desired. 

The  theory  on  which  the  method  is  based  is  as  follows : 

Copper  in  melting  absorbs  gases  which,  on  cooling,  are  set 
free,  causing  porosity.  These  harmful  gases  are  oxygen,  sulphur 
dioxide  and  carbon  dioxide,  singly  or  in  combination.  An  ideal 
deoxidizer  for  copper  should  eliminate  these  gases  and,  at  the 
same  time,  have  no  afSnity  for  copper.  The  latter  condition  is  of 
importance,  as  it  allows  the  addition  of  an  excess  of  the  deoxi- 
dizer without  fear  of  contamination  of  the  copper.  BoroSux  sat- 
isfies these  conditions  and  is  the  only  flux  which  satisfies  them 
both. 

Boroflux  can  be  most  generally  defined  as  a  material  whifh 
contains  boron  in  a  state  of  oxidation  below  that  of  boric  anhy- 
dride. Such  a  material  takes  up  free  oxygen  and  reduet's  oxy- 
gen-containing compounds;  in  this  reaction  it  is  transformed 
into  boric  anhydride,  which,  being  fluid  at  the  temperature  of 
melted  copper,  comes  up  to  the  top  of  the  metal  as  such,  or  carry- 
ing in  solution  different  metallic  oxides,  especially  cuprous  oxide. 

Different  compounds  of  boron  would  come  under  this  gen- 
eral definition  of  boroflux,  but  up  to  the  present,  only  two  have 
been  used  commercially,  namely,  boron  suboxide  and  boron  car- 
bide. From  the  point  of  view  of  ease  of  manipulation  and  cost, 
the  boron  suboxide  flux  is  preferable,  but  recently,  due  to  a 
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temporary  diflSculty  in  obtaining  raw  materials  from  Europe, 
the  carbide  was  used  to  some  extent. 

Boroflux  can  be  added  to  the  metal  in  different  ways,  de- 
pending on  the  nature  of  the  furnace  and  on  the  individual  pref- 
erence of  the  melter.  The  flux  can  be  placed  on  the  bottom  of 
the  pot,  mixed  with  charcoal  and  stirred  into  the  copper  after 
the  metal  is  melted ;  or  else  the  flux  is  placed  in  the  ladle,  copper 
from  the  melting  pot  poured  on  the  top  of  the  flux,  and  the 
whole  thoroughly  stirred.  It  is  important,  however,  to  observe 
the  following  principles:  The  metal  must  be  superheated  to 
about  1250®,  so  as  to  allow  the  reaction  between  the  flux  and  the 
gases  to  proceed  rapidly;  the  copper  must  be 'covered  with  a 
layer  of  charcoal,  so  as  to  prevent  as  much  as  possible  the  ab- 
sorption of  gases;  and  wherever  high  electrical  conductivity  is 
essential,  great  care  must  be  taken  that  the  metal  melted  should 
be  pure  copper  and  that  no  metallic  impurities  be  introduced 
during  the  melting  or  stirring. 

« 

Three  quarters  of  one  percent  are  usually  added.  An  av- 
erage conductivity  of  over  90%  is  regularly  obtained. 

The  efficiency  of  the  deoxidation  of  copper  by  means  of 
Boroflux  is  well  illustrated  by  a  recent  investigation  by  F.  O. 
Clements,  presented  before  the  American  Institute  of  Metals  at 
the  meeting  of  1914.  In  this  investigation  copper  was  remelted 
a  number  of  times  until  it  was  thoroughly  burned  and  then  de- 
oxidized by  boron  suboxide.  The  following  table  is  a  part  of 
one  given  in  Clements'  article: 

Virgin  First  Fourth  Boron 

Metal  Heat  Heat         Suboxide 

A.    B 1515  850  334  2007 

R 100%  97%  96%  103% 

A.  B.     Average  number  of  alternate  bends. 

B.  Besistance  offered  by  test  bar  to  the  bend,  given  in  percentage, 
assuming  the  virgin  metal  to  be  100%. 

As  the  table  shows,  the  mechanical  properties  of  the  burned 
metal  after  being  deoxidized  by  Boroflux  are  superior  to  those  of 
the  virgin  metal. 

Of  great  interest  is  the  attached  X-ray  photograph  taken 
by  Dr.  "W.  P.  Davey,  of  the  General  Electric  Company,  with  a 
Coolidge  tube.    The  photograph  attached  was  taken  through  % 
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inch  cast  block  copper,  one  piece  east  without  flux,  the  other 
with  the  help  of  Boroflux.    The  photograph  shows  the  porosity 


of  ordinary  cast  copper  and  the  solidity  of  copper  east  with  the 
aid  of  Boroflux,  and  visualizes  the  action  of  the  flux  in  the  best 
imaginable  way. 
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The  action  of  Boroflux  raises  a  number  of  questions  which 
are  not  answered  by  the  simple  theory  given  above.  Here,  as  is 
often  the  case,  practice  is  ahead  of  theory.  A  complete  descrip- 
tion of  the  reaction  between  Boroflux  and  copper  would  require 
the  understanding  of  delicate  equilibria  and,  in  fact,  would  in- 
volve the  whole  problem  of  the  influence  of  oxygen  on  copper. 

It  is  generally  assumed  that  oxygen  hardens  copper,  and  I 
had  occasion  to  observe  that  copper  completely  free  from  oxygen 
is  very  soft  indeed.  The  copper  deoxidized  by  Boroflux  is,  how- 
ever, hard  enough  so  that  no  trouble  is  experienced  in  machin- 
ing it.  In  other  words,  the  probability  is  that  Boroflux  does  not 
eliminate  oxygen  completely  but  that  a  fortunate  equilibrium  is 
established  in  which  a  sufficient  amount  of  oxygen  is  left  to  cause 
a  desirable  degree  of  hardness. 

As  Boroflux  has  no  affinity  for  lead,  tin,  zinc,  the  important 
metals  used  in  the  brass  foundry,  it  is  also  an  excellent  deoxi- 
dizer  for  all  the  copper  alloys  containing  the  above  elements. 
Boroflux  is  being  used  for  this  purpose  and  gives  results  su- 
perior to  other  deoxidizers.  However,  while  in  copper  casting 
Boroflux  is  without  rival,  in  copper  alloys  the  superior  results 
obtained  must  in  each  case  be  weighed  against  the  somewhat 
higher  cost. 

There  is  hardly  any  doubt  that  there  is  a  field  for  the  ap- 
plication of  Boroflux  in  the  metallurgy  of  copper,  but  outside 
of  a  few  weak  attempts  nothing  worth  recording  has  been  done 
as  yet. 

For  the  history  of  the  discovery  of  this  method  and  its 
progress  since  inception,  the  reader  may  be  referred  to  articles 
the  writer  has  published:  **Cast  Copper  of  High  Electrical 
Conductivity'*,  Transactions  of  the  American  Electrochemical 
Society,  Vol.  XVIII,  1910;  and  **  Progress  of  Work  on  Boron- 
ized  Copper",  Transactions  of  the  American  Institute  of  Metals 
of  1912. 

DISCJUSSION 

Dr.  H.  O.  Hofman,*  Mem.  Am.  Inst.  M.  E.   (by  letter),  said  that      Dr. 
the  idea  of  the  author  of  using  boron  or  an  oxide  of  a  lower  state  of  Hofman. 
oxidation  than  boric  anhyride  in  making  dense  copper  castings  is  one 
which    practical    experience    has    pronounced    a    success.      Investigations 

*  Mass.  Inst,  of  Technology,  Boston,  Mass. 
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T>r.      into  the  mechanical  properties  and  the  electric  conductivity  of  copper 

Hofnun.  ^^g^  with  boroflnz  bear  oat  this  statement.    The  chemical  effect  of  the 

reagent,  however,  has  not  been  made  as  clear  as  is  desirable.    The  author 

states  that  borofiuz  eliminates  from  copper  oxygen,  sulphur  dioxide,  and 

carbon  dioxide. 

The  work  of  Clements  quoted  shows  that  borofiux  reduces  cuprous 
oxide  provided  that  in  the  experimental  fusions  the  necessary  care  was 
taken  to  exclude  all  contamination  with  sulphur. 

The  solubility  of  sulphur  dioxide  in  copper  increases,  on  the  whole, 
with  the  temperature  and  the  purity  of  the  metal.  Does  the  use  of  boro- 
flux  decrease  the  dissolving  power  of  copper  for  sulphur  dioxide?  This  is 
a  question  that  can  be  answered  only  by  special  research.  If  the  answer 
is  negative,  there  remains  another  explanation  for  the  good  effect  of  the 
flux.  Molten  copper  can  hold  in  solution  both  cuprous  sulphide  and 
cuprous  oxide,  which  react  upon  one  another  when  the  temperature  is 
lowered,  and  give  copper  and  sulphur  dioxide.  If  boroflux  oxidizes 
cuprous  sulphide  and  reduces  cuprous  oxide  to  the  limits  in  which  they 
will  not  react  upon  one  another  when  the  copper  cools  and  finally  solidi- 
fies, no  sulphur  dioxide  will  be  set  free  to  render  the  casting  porous. 

As  regards  carbon  dioxide,  it  is  generally  held  that  this  gas  is  insolu- 
ble in  molten  and  in  solid  copper.  It  will  require  very  strong  experi- 
mental and  practical  evidence  to  put  aside  the  researches  of  Hampe, 
Stahl,  and  others,  and  the  experience  of  many  refiners.  I  may  add  that 
the  absorption  of  gases  by  copper  has  been  recently  discussed  by  Dr.  W. 
Stahl  in  Metal  und  Erz,  1915,  XII,  181-184  (Abstract  Engineering  and 
Mining  Journal,  1915,  C,  52)  who  is  probably  the  best  living  authority 
upon  this  subject. 
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In  dealing  with  the  structure  of  copper,  the  presence  of 
more  or  less  oxide  of  copper  is  so  important  that  it  is  necessary, 
first  of  all,  to  show  the  effect  of  copper  oxide  on  copper. 

The  thermal  diagram.  Fig.  1,  was  published  by  Heyn^  in 
1900.  The  freezing  points  of  mixtures  up  to  9  per  cent  Cu^O 
were  determined  as  shown.  Thus  the  freezing  point  of  copper, 
1084°  C,  is  depressed  by  the  addition  of  CujO,  progressing  until 
we  reach  a  minimum  at  1065°  C.  and  3.5%  CujO.  A  further  in- 
crease in  CUjO  raises  the  freezing  point  of  the  mixture.  Thus 
A  B  shows  the  lowering  of  freezing  of  copper  from  1084  to  1065° 
C.  as  the  alloy  is  enriched  in  CujO,  while  C  B  shows  that  the 
temperature  at  which  the  excess  CujO  freezes  out  is  lowered  as 
the  alloy  is  impoverished  in  CujO.  The  intersection  of  these  two 
curves  is  the  eutectic,  or  the  alloy  with  the  lowest  freezing  point. 

R.  »E.  Slade  and  F.  D.  Farrow,  in  an  investigation  of  dis- 
sociation pressures  and  melting  points  of  the  system  copper- 
cuprous  oxide,^  published  the  diagram.  Fig.  2.  This  shows  that 
mixtures  above  20  per  cent  CujO  separate  out  into  two  conjugate 
liquids  whose  compositions  are  given  by  the  solubility  curves 
C  GsindF  H. 

Thus,  at  1400°  C.  the  upper  layer  contains  92  per  cent 
CujO  and  the  lower  one  23  per  cent  CUjO.  At  1195°  C,  where 
the  solubility  curve  cuts  the  freezing  point  curve,  the  upper 

^  Mitteilungen  aus  den  Koniglichen  Versuchsanstalten  zu  Berlin, 
XVm,  315  (1900).  Metallographist,  VI,  49  (1903).  Zeita.  fiir  anorgan, 
Chemie,  39,  p.  11  (1904).    Metallographie  von  Heyn  u.  Bauer,  II,  p.  31. 

»Proc.  Royal  Society  of  London,  87,  Series  A,,  p.  524.    (1912) 
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layer  contains  95.5  per  cent  Cu,0  and  the  lower  one  20  per  cent 
Cu,0.  The  freezing  point  of  CujO  is  1210°  C.  The  microstruc- 
ture  of  the  system  Cu-CujO  was  shown  by  Ileyn,  whose  photo- 
graphs and  curve  are  reproduced  in  an  article  by  Ilofman, 
Green  and  Ycrxa,'  entitled  "A  Laboratory  Study  of  the  Stages 
in  the  Refining  of  Copper".  Herein  are  found  photographs  of 
fractures  of  copper  at  difEerent  stages  in  refining,  together  with 
micrographs  and  the  suggestion  that  poling  could  be  controlled 
by  the  microscope,  the  euteetic  being  determined  by  planimetric 
measurements  and  the  oxygen  deterniino<l  therebj-. 


Fig.  3.     AUa7  OonUfning  Abont  1.7  PtrcsDt  Ca,0.      (Mkgnlflm  60  dluutaii.) 

Fig.  3  X  60  diameters  shows  an  alloy  containing  about  1.7 
per  cent  CUjO.  The  light  dendrites  and  grains  are  the  copper 
which  began  to  freeze  out  when  the  alloy  cooled  to  the  tempera- 
ture of  the  eurve  A  B.  The  dark  ground-mass  is  the  euteetic,  a 
mechanical  mixture  of  Cu  and  CUjO,  which  freezes  at  the  con- 
stant temperature  DBE,  1065°  C. 

Fig.  4x60  diameters  shows  an  alloy  containing  more  than 

•Trans.  Amer.  Inst.  Mining  Engineers,  Vol.  34,  p.  671.     (1904) 
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3.5  per  cent  CujO.  The  black  dendrites  are  the  excess  CujO, 
which  began  to  freeze  out  when  the  alloy  reached  the  tempera- 
ture of  the  curve  C  B.  The  ground-mass,  as  before,  is  the  eutec- 
tic,  containing  3.5  per  cent  CUjO,  freezing  at  1065**  C. 

Pig.  5x90  diameters  shows  the  structure  of  the  eutectic 
aUoy,  3.5  per  cent  CugO,  etched  with  nitric  acid  and  slightly  re- 
polished.  It  has  a  distinctly  granular  structure,  each  grain  be- 
ing shot  with  filaments  of  the  oxide,  which  become  distinctly 
coarser  towards  the  boundaries  of  the  grains. 

E.  S.  Bardwell,  in  a  paper  on  the  metallography  of  refined 
copper,*  gives  a  method  of  developing  the  structure  by  heating 
the  polished  specimen  in  hydrogen  to  about  300°  C.  The  image 
is  projected  directly  as  a  piece  of  ** duplex"  paper  so  as  to  cover 
a  circle  of  15  to  16  inches  in  diameter.  The  outlines  are  traced 
lightly  with  a  hard  pencil.  The  copper  areas  are  next  cut  out 
with  a  sharp  knife,  leaving  a  network  representing  the  eutectic. 
The  two  lots  of  paper  are  then  weighed  and  the  oxygen  content 
computed. 

F.  Johnson,  in  discussing  the  effect  of  silver,  bismuth  and 
aluminum  upon  the  mechanical  properties  of  tough-pitch  copper 
containing  arsenic,"  shows  in  his  metallographic  study  how  the 
globules  of  CujO  are  prone  to  isolation  in  arsenical  copper.  In 
another  paper  on  the  influence  of  impurities  in  tough-pitch  cop- 
per,*  he  points  out  that  antimony  occurs  in  two  forms  in  tough- 
pitch  copper:  (1)  in  solid  solution  in  the  copper;  (2)  partly 
as  an  insoluble  compound  with  oxygen,  in  the  form  of  slate- 
colored  oxidules,  distinguished  from  CujO,  which  appears  as 
light-blue  oxidules.  The  latter  with  the  antimonial  oxidules 
form  a  ternary  eutectic  with  the  solid  solution.  He  also  shows 
that  antimony  up  to  0.5  per  cent  has  no  influence  on  the  hot- 
working;  and  that  tough-pitch  arsenical  copper  (0.4%  As)  is 
slightly  hardened  for  hot-rolling  by  0.2  percent  Sb,  but  its  me- 
chanical properties  are  unimpaired. 

In  general,  the  structure  of  arsenical  copper  is  similar  to 
that  already  described.  Fig.  6x285  shows  dendrites  of  copper 
oxide  in  excess  of  the  eutectic.    Fig.  7  x  285  shows  the  structure 

*  Trans.  Amer.  Institute  of  Mining  Engineers,  Vol.  46,  p.  742.    (1913) 
•Journal  Institute  of  Metals,  Vol.  IV,  p.  163.     (1910) 
•Journal  Institute  of  Metals,  VIII,  p.  192.  (1912) 
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of  tough-pitch,  while  Fig.  8  x  285  is  that  of  over-poled  copper, 
all  containing  ahout  0.5  per  cent  As,  and  cast  in  the  form  of  small 
ingots  about  ont  inch  square.  The  over-poled  copper  is  dis- 
tinctly porous,  being  full  of  tiny  blow-holes  and  often  showing 
distinct  spaces  between  the  grain  boundaries. 

In  &  paper  deserihing  a  method  of  improving  the  quality  of 
arsenical  copper,'  Johnson  states  that  silicon  can  be  added  in 
considerable  excess  of  the  quantity  required  to  effect  deozida- 


Flg.  S.      (X  2SB  dlam.) 

tion,  without  producing  hot-shortness.  In  pure  copper,  silicon 
does  not  seriously  lower  the  electrical  conductivity.  Johnson 
heated  specimens  in  hydrogen  at  780°  C.  and  showed  that  it  is 
the  oxygen  that  renders  copper  susceptible  to  the  disintegrating 
influence  of  reducing  gases  at  high  temperatures.  Now,  as 
arsenic  has  an  isolating  effect  on  the  CujO  particles,  non-arseni- 
cal copper  is  more  prone  to  rottenness  due  to  reducing  gases. 
For  locomotive  ataybolts,  copper  is  toughened  and  given  a  better 
resistance  to  reducing  gases  by  the  addition  of  silicon, 
'Journal  Institute  of  Metala,  Vol.  X,  p.  275.     (1913) 
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THE  STRUCTURE  OP  COPPER  AND  THE  EFFECT  OP  COLD  WORK. 

Pure  deoxidized  copper  eonsiats  of  irr^ular  crystals  or 
grains  as  shown  in  Fig.  9  x  230.  There  is  a  trace  of  CUjO,  as 
smalt  globules,  between  the  grains.  The  internal  structure  of  the 
grains  is  revealed  by  deep  etching.  Fig.  10  x  425  shows  the  same 
copper  deeply  etched.  The  black  streaks  are  the  grain  boun- 
daries, containing  some  CujO.  The  copper  itself  shows  cubic 
etch-pits.  When  such  metal  ia  strained  beyond  the  elastic  limit, 
the  grains  are  elongated  and  drawn  out  by  means  of  slip-lines 


Fl|.  11.     C«  AiUBilMl  Id  Bjizogtn  <X  SOO  dUn.) 

and  slip-bands,  within  each  grain,  which  are  oriented  similarly 
to  the  etch-pita.  The  greater  the  work,  the  more  are  the  grains 
drawn  out. 

On  annealing,  the  grains  tend  to  rearrange  themselves  and 
show  marked  twinning.  Fig.  12  x  500  diameters  shows  the  struc- 
ture of  a  rod  one-half  inch  in  diameter,  after  annealing.  The 
multiple  twinning  is  distinct,  but  the  grain  boundaries  are  not 
distinct  by  this  method  of  etching  with  nitric  acid.  Using  a 
modification  of  Bardwell's  method  of  etching  in  hydrogen  and 
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annealing  at  the  same  time,  both  grain  structure  and  twinning 
are  revealed.  Thus,  Fig.  11  x  500  shows  a  piece  of  cold-drawn 
copper  tubing  heated  to  1000°  C.  in  hydrogen. 

Baucke,*  in  a  paper  on  some  recent  micrographical  investi- 
gations on  copper,  deals  with  the  influence  of  annealing  on  the 
grain  size  of  cold-drawn  material.  The  grain  size  was  measured 
after  annealing  for  varying  periods  of  time  at  temperatures  from 
100°  to  1050°  C.  He  found  the  minimum  size  of  grain  at  350° 
C,  followed  by  a  slow  increase  up  to  700°  C.  Between  700  and 
800°  C,  the  grain  size  doubles,  while  above  900°  C.  the  increase 
is  more  rapid  still.  In  regard  to  the  oxide  in  copper,  cold  work 
destroys  the  eutectic  structure  and  the  oxide  is  strung  out.  Ee- 
heating  of  cast  copper  produces  no  change  up  to  700°  C.  At 
800°  C.  the  CujO  tends,  in  time,  to  baU  up,  while  at  900°  C.  this 
balling  up  into  globules  is  very  rapid. 

Figs.  18  and  19  are  taken  from  a  paper  by  Captain  C. 
Grard  on  the  industrial  application  of  microscopic  metallography 
for  controlling  the  work  put  on  copper  and  brasses.®  In  Fig.  18 
the  amount    of   cold   work    in    the   specimen   is   derived   from 

(  - — -  X  100  I ;  where  S  is  the  original  cross-section,  and  s  the  new 

cross-section.  The  elongation  falls  rapidly  from  43  per  cent  to  5 
per  cent  with  20  per  cent  of  cold  work.  Beyond  this  there  is  but 
little  change.  The  elastic  limit  increases  rapidly  up  to  60  per 
cent  of  cold  work,  beyond  which  point  there  is  little  increase. 
The  tensile  strength  curve  is  similar,  there  being  only  a  slight 
increase  beyond  100  per  cent  of  cold  work. 

In  Fig.  19,  annealing  begins  to  show  marked  effect  on  the 
physical  properties  above  100°  C.  and  is  practically  complete  at 
a  little  above  200°  C. 

The  effect  of  cold  work  can  be  seen  in  the  following  photo- 
graphs. 

Fig.  12  X  500  shows  the  structure  of  an  annealed  rod  one- 
half  inch  in  diameter,  longitudinal  section.  The  grain  varies 
somewhat,  but  the  twinning  is  marked.  Fig.  13  shows  the  same 
rod  drawn  to  0.4  inch  in  diameter.     The  grains  are  distinctly 

*Proc.  Internat.  Assoc.  Testing  Materials,  Vol.  II,  Sec.  11,  No.  14. 
(1912) 

•  Proo.  Internat.  Assoc.  Testing  Materials,  Vol.  II,  Section  11,  No.  15. 
(1912) 
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elongated,  many  of  them  showing  a  cross-hatched  effect,  due  to 
the  slip-lines.  The  black  globules  are  copper  oxide,  originally 
round  the  grain  as  part  of  the  eutectic,  but,  due  to  work  and 
annealing,  now  strung  out  into  lines. 

Fig.  14  shows  the  rod  drawn  down  to  0.3  inch  in  diameter, 
giving  a  further  elongation  of  grain  and  more  slip  lines.  It  is 
practically  impossible  to  see  the  difference  between  grain  boun- 
daries and  twin  planes,  in  most  cases. 

Fig.  15,  drawn  to  0.2  inch  in  diameter,  shows  a  further 
elongation  of  grain;  while  in  Figs.  16  and  17,  drawn  to  0.1  inch 
and  0.05  inch  respectively,  the  structure  looks  fibrous,  due  to  the 
extreme  elongation  of  the  grains. 

From  the  above  it  can  be  seen  that  the  greater  the  reduction, 
the  more  the  grains  are  drawn  out.  The  reason  for  the  increase 
in  strength  and  decrease  in  ductility  has  long  been  a  matter  of 
dispute.  Eecently,  the  ** Amorphous  Theory'*  of  Beilby  has 
gained  much  support,  and  confirmation.  This  has  been  ably 
reviewed  by  Rosenbain  in  a  paper^®  entitled  "Metals,  Crystal- 
line and  Amorphous''.  In  short,  the  amorphous  theory  holds 
(a)  that  polishing  produces  a  film  of  amorphous  metal  as  the 
surface;  (b)  when  a  metal  is  strained,  the  slip-lines  and  slip- 
bands  produced  are  covered  with  a  film  of  amorphous  metal, 
which  is  less  dense  and  much  harder  than  the  crystalline  variety 
— ^this  explains  changes  in  hardness,  density,  etc.,  of  strained 
metal;  (c)  where  the  constituent  crystals  of  a  metal  meet,  thin 
films  of  residual  liquid  metal  will  remain  under  circumstances 
which  render  them  incapable  of  crystallizing,  so  that  they  will 
constitute  thin  films  of  under-cooled  liquid  or  amorphous  metal, 
rolling  of  the  ingot  into  %-inch  round  rods. 

THE  EFFECT  OF  HOT  WORK. 

The  effect  of  hot  work  upon  the  structure  of  copper  was 
studied  by  examining  specimens  of  the  metal  taken  during  the 
rolling  of  the  ingot  into  %-inch  round  rods. 

The  first  thing  noted  was  that  the  CugO  of  the  eutectic  was 
drawn  out  into  long  strings  of  rounded  globules.  On  examining 
the  structure  of  the  metal  after  different  degrees  of  reduction,  it 
was  found  that  all  structures  resembled  those  of  annealed  metal. 


M 
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While  the  grains  became  progressively  smaller  they  showed  no 
elongation,  because,  after  each  pass  through  the  rolls,  the  heat 
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Figs.  18  and  19. 


of  the  metal  was  enough  to  cause  a  rearrangement  of  the  grain, 
in  other  words,  to  give  complete  annealing. 

The  structure  of  electrolytic  copper  has  been  examined  by 
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Fausrt"  who  finds  that  the  crystallites  arrange  themaelves  paral- 
lel to  the  lines  of  the  current.  The  layer  at  first  deposited  con- 
sists of  very  numerous  small  crystals,  hut  only  a  few  continue  to 
grow.  He  says  that  electrolytic  copper,  like  worked  copper, 
develops  twinning  planes  when  annealed,  indicating  the  pres- 
ence of  an  internal  stress,  the  existence  of  which  is  rendered 
probable  by  the  known  properties  of  thin  electrolytic  ally 
deposited  films.  However,  the  presence  of  twinning  in  fresh 
electrolytic  copper  has  been  shown  by  Campbell  in  a  paper  on 
the  structure  of  metals,'*  while  native  copper  shows  the  same 
thing.  When  wire-bar  ingots  are  examined,  twinning  is  not 
infrequently  met  with. 

In  conclusion,  reference  must  be  made  to  a  paper  hy  F. 
Johnson"  on  wrought  copper.  He  first  discusses  the  structures 
of  under-poled,  tough-pitch  and  over-poled  copper;  then  the 
effect  of  mechanical  work.  In  regard  to  the  properties  of  copper 
at  high  temperatures,  he  reviews  the  work  of  Roberts- Austen  in 
the  second  report  of  the  Alloys  Research  Committee  of  the  Insti- 
tution of  Ztlechanical  Engineers,  and  of  F.  W.  Wehb  on  locomo- 
tive fire-box  stays,'*  and  of  the  Royal  Technical  Hesoarch  Com- 
mission of  Berlin,  1898.  In  short,  the  strength  falls  as  the  tem- 
perature rises,  the  effect  being  very  marked  at  200  to  300°  C. 
Bengough  and  Hudson"  in  a  paper  on  "The  Tensile  Properties 
of  Copper  at  High  Temperatures",  Huntington'*  on  the  effects 
of  temperatures  higher  than  atmospheric  on  tensile  tests  of 
copper  and  its  alloys,  and  Hughes"  on  non-ferrous  metals  in 
railway  work,  deal  with  the  physical  properties  of  copper  when 
llet  and  Hemard",  from  shock  tests,  find  a  maximum 
near  100°   C.  and  a  maximum  brittleness  at  300  to 

B.  fur  anorg.  Cheinie,  LXXVIII,  p.  201.     (1912) 

ttllurgie,  Vol.  IV,  \i&Tt  23.   Fig.  891. 

ftllurgical  &  Chemical  Engineering,  Vol.  IX,  p.  396.     (1911) 

;.  Institulion   of  Civil   Engineers,   London,   Vol.   CL,   part  IV. 

lal  Institute  of  Metals,  XII,  56. 

lal  Inslilute  of  Metals,  VIII.  126;  XII,  234. 
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tea  Bendua,  CLVI,  1S99. 


THE  METALLOGRAPHY  OP  COPPER  281 

BIBLIOOBAPHY. 

The  following  references  bear  directly  on  copper: 
Schwarz:    Metallographische  Studien.     Internal.  Jl.  Metallography,  VII,  p. 

129.    A  study  of  structure  of  electrolytic  copper. 
Cohen  and  Heldermann:     Zeits.  fur  physik.  Chemie,  1914,  87,  p.  419.    Cop- 
per transforms  at  71.7**  C. 
Tiede  and  Birnbraiier:     Zeits.  fiir  anorgan.   Chemie,  1914,  87,  p.  129.    Vol- 
atility of  metals  at  very  high  temperatures  in  vacuo.     3  gras.  of  Cu 

distilled  in  10  min.  at  1360"  C. 
Weintraub:      Metal   Industry,   1912,   X,  p.   462.     Boronized  copper:    cast 

copper  of  high  electrical  conductivity. 
Spinney:     Metall.  and  Chem.  Engineering,  1914,  XII,  p.  412.     Two  parts 

of  B^O    per  100  parts  of  metal,  superheated,  Cu  to  1300*  C.    Castings 

90-95  Matthiessen  standard. 
Tassin:     Metal  Industry,  1912,  X,  pp.  275,  335,  447.     Notes  on  copper. 

Efifects  of  impurities.    Micrographs. 
Stahl:     Metallurgie,  1912,  IX,  p.  418.    Blisters  on  rolled  copper. 
Stahl:      Metallurgie,   VI,   p.    609.     Micrographs   of   various   copper    tests 

in  refining. 
Moellendorf :     Elektrochem.  Zeits.,  17,  p.  274.     Metallgefuge.     Copper  and 

oxygen. 
Law:     The  Influence  of  Oxygen  on  the  Properties  of  Metals  and  Alloys. 

Journal  Institute  of  Metals,  VIII,  p.  222.    Effect  of  CujO  on  copper. 
Baucke:     Uber  das  Verhalten  des  Kupfers  bei  der  Kerbschlagbiegeprobe. 

Internat.  Jl.  Metallography,  III,  p.  195;  and  Internat.  Assoc.  Testing 

Materials,  1912,  IV,  p.  9. 

Fremont  Tests:  distinguish  between  pure  Cu  and  that  containing  Cu  O. 
Miinker:     Uber  den   Einfluss  geringer  Mengen  P,   Mn,   and  Sn,  auf   die 

physikalisehen  Eigenschaften  von  Kupfer. 

Metallurgie,   1912,  IX,   p.    185.     P,   Mn   and   Sn  raise  hardness   and 

strengrth  but  lower  ductility,  density  and  electric  conductivity.     P  has 

greatest  effect. 
Be;isel:    Metall  und  Erz,  XI,  pp.   10  and  46.     Influence  of  titanium  on 

copper  and  its  alloys.    Strength  reaches  maximum  of  34^  kgm.  per 

sq.  cm.  at  about  0.5%  Ti. 
Greaves:   Influence  of  O  on  Cu  containing  As  or  Sb.    Journal  Institute  of 

Metals,  1912,  VII,  p.  218.    Gives  strength,  ductility,  hardness,  electric 

conductivity  and  microstructure. 
Jolibois  and  Thomas:    The  Role  of  As  in  Industrial  Copper.     Bevue  de 

Metallurgie,  10,  1913,  p.  1264.    Metallographic. 
Stahl:      Is   Nickel-   or   Arsenical-Copper   Better    for   Modern    Conditions t 
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DISCUSSION 

Prof.  a.  H.  Clevenger,*  Mem.  Am.  Inst.  M.  E.,  stated  that  all 
copper  metallurgists  were  indebted  to  Professor  Campbell,  Mr.  Bardwell, 
and  others  who  had  been  working  in  this  purely  scientific  field  of 
.  metallurgical  endeavor.  He  also  called  attention  to  the  fact  that 
formerly  refining  of  copper,  referring  to  the  furnace  operation  of  melting 
the  cathodes^  was  more  or  less  an  art,  since  rough  qualitative  tests,  such 
as  the  behavior  of  a  test  bar  as  regards  bending  and  breaking,  were 
depended  upon  to  determine  when  the  copper  had  reached  the  right 
pitch.  Now,  through  the  science  of  metallography  copper  refining  or 
melting  has  ceased  to  be  an  art  and  is  a  very  definitely  defined  science. 
Consequently,  the  operator,  when  anything  goes  wrong,  can  ascertain 
exactly  what  the  difficulty  is. 

*  Stanford  University,   Calif. 
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INTRODUCTION. 

Japan,  one  of  the  oldest  nations  in  the  world,  has  not  been 
unfamiliar  with  mining  and  metallurgy.  This  science  was 
known  and  practiced  from  of  old,  but  being  limited  to  the 
domestic  needs,  its  development  was  in  consequence  compara- 
tively slow.  In  the  days  of  the  Tokugawa  Shogunate,  foreign 
trade  having  been  prohibited,  the  export  of  mining  products 
was  completely  stopped.  The  gold,  silver,  copper,  iron,  and 
other  mines  in  those  days  were  all  worked  by  the  Government, 
and  even  after  the  Restoration,  when  foreign  trade  was  opened, 
the  principal  mines  in  the  country  continued  to  be  worked  by 
the  Government,  but  in  such  an  uneconomical  way  that  none  of 
them  proved  to  be  remunerative.  Such  mines  as  were  worked  by 
private  capital  also  failed  to  prosper,  on  account  of  the  lack  of 
sufficient  funds  and  the  primitive  methods  employed. 

As  early  as  the  year  708,  copper  coins  were  minted  in  Japan 
and  our  people  have  been  acquainted,  for  the  last  four  hundred 
years,  with  a  smelting  process  called  **Mabuki'\ 

In  writing  on  the  metallurgy  of  copper  in  Japan,  as  con- 
tributing to  the  symposium,  I  first  feel  it  is  necessary  to  state 
that  I  will  confine  myself  principally  to  the  advance  as  made 
during  the  past  decade  in  the  Furukawa  Company. 

THE  MABUKI  PROCESS. 

The  Mabuki  process  presents  an  interesting  analogy  to  the 
Bessemer  process.  It  has  been  gradually  improved  from  gene- 
ration to  generation  to  its  present  state.     It  is  the  primitive 
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process  useful  in  operations  of  small  proportions,  and  is  quite 
simple  and  economical  for  such  mines  as  may  be  producing 
about  200  tons  of  copper  a  month.* 

The  cost  of  treatment  by  the  Mabuki  process  is  given  as 
not  being  higher  than  %  cent  (U.  S.  currency)  per  lb.  of 
•copper. 

In  the  construction  of  the  Mabuki  hearth,  an  excavation 
of  10  ft.  in  diameter  by  6  ft.  in  depth  is  made  in  the  ground, 
which  is  lined  with  brick,  stone  or  slag  brick  to  a  thickness  of 
about  iy2  ft.,  care  being  taken  to  have  a  passage  in  the  bot- 
tom permitting  the  escape  of  any  steam  arising  from  the  mois- 
ture in  the  lining.  The  surface  of  the  lining  is  coated  with  clay 
about  6  in.  thick.  The  cavity  is  then  filled  brasque  and  well 
tamped,  leaving  a  cylindrical  space  of  a  diameter  of  3  ft.  and  a 
depth  of  1%  ft.  at  the  centre  of  the  cavity.  This  cylindrical 
space  is  the  Mabuki-hearth. 

The  hearth  should  be  thoroughly  dried  with  wood,  char- 
coal or  molten  slag  to  prevent  an  explosion  which  might  other- 
wise occur  during  the  blowing  operation.  The  hearth  is  cov- 
ered with  a  hemispherical  dome  made  of  clay  ly^  ft.  high,  pro- 
vided with  a  tuyere  hole  and  a  working  door.  In  front  of  the 
working  door,  there  is  a  small  slag  reservoir  lined  with  clay. 

The  tuyere,  a  sheet-iron  pipe  of  about  2^  in.  diameter,  is 
coated  with  clay  at  the  end  to  protect  it  from  the  splashed 
particles  of  molten  matte.  The  molten  matte  is  poured  into  the 
hearth,  charcoal  is  placed  on  top,  and  then  the  air  blast  is 
turned  on.  Sometimes  heavy  oil  is  injected  by  the  blast.  As 
soon  ss  oxidation  begins,  slag  is  gradually  formed,  and  is  raked 
out  from  time  to  time.  More  matte  is  added  to  keep  a  nearly 
constant  level  of  molten  mass  in  the  hearth.  In  this  manner  the 
operations  are  repeated  until  3  to  4^  tons  of  the  matte  are 
charged.  The  slag-forming  period  takes  about  13  to  14  hours. 
At  the  end  of  the  period,  all  of  the  slag  is  skimmed  in  order  to 
give  the  blast  full  play  on  the  exposed  molten  matte.  The  oxi- 
dation continues  about  4  hours.  When  this  period  is  over,  char- 
coal is  added  (or  heavy  oil  is  injected)  to  maintain  the  proper 
temperature  for  the  reaction  process,  which  is  final  for  the 
^labuki  process  and  takes  about  5  hours.    The  blister  copper 

*  Reference  to  a  ton  throughout  this  paper  means  one  of  2000  lbs. 
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thus  obtained  averages  about  98.5%.  On  account  of  the  for- 
mation of  iron  oxides  during  the  operation,  the  silicious  lining 
is  so  extremely  corroded  as  to  require  frequent  repairs.  After 
the  copper  is  tapped  out,  the  hearth  is  repaired  and  dried  for 
the  next  series  of  operations.  The  repairing  requires  about  2 
hours.  The  blast  pressure  is  9  to  12  oz.,  and  about  1.6  tons  of 
blister  copper  are  produced  from  about  4.5  tons  of  40%  matte. 
Nearly  24  hours  are  required  to  finish  a  whole  cycle  of  opera- 
tions. The  number  of  workmen  required  for  one  hearth  per 
shift  is:  One  Mabuki  man,  one  helper,  one  boy  (for  a  few 
hearths). 

SMELTING  PLANTS  BELONGING  TO  THE  FURUKAWA  CO. 

The  Ashio  Smeltery. 

Location. — The  smeltery  of  the  Ashio  Copper  Mines  is  in 
the  town  Ashio,  about  13  miles  from  Nikko. 

History. — The  mines  were  discovered  in  1609  and  copper 
was  produced  in  1611.  After  it  had  passed  through  many  ups 
and  downs  it  finally  came  into  the  possession  of  the  late  Ichibei 
Furukawa  in  1877.  but  in  such  a  poor  condition  that  the  pro- 
duction was  only  52  tons  of  copper  a  year.  By  his  and  his  sue- 
cessors'  vigorous  efforts  and  careful  administration,  the  mines 
were  brought  into  such  a  prosperous  condition  that  the  pro- 
duction of  copper  now  amounts  to  11,000  tons  a  year. 

Ores. — The  ores  consist  chiefly  of  chalcopyrite,  pyrite, 
quartz  and  a  little  of  zinc-blende  and  galena.  The  ore  as  re- 
ceived is  sized  into  three  classes :  viz.,  lumps,  grains,  and  fines. 
Cement  copper  is  also  treated.  About  111,000  tons  of  ore  are 
smelted  annually,  having  an  average  copper  content  of  11.50% 
and  about  11,000  tons  of  copper  are  produced. 

Smelting  Process. — The  lumps  are  charged  to  the  blast  fur- 
nace in  a  raw  state,  and  the  fines  in  a  sintered  or  briquetted 
form.  The  matte  obtained  is  subjected  to  the  Bessemer  process. 
The  process  will  be  seen  in  the  following  schematic  diagram. 

Pot  Roasting. — Washed  fines,  flue  dust,  etc.,  are  agglomer- 
ated in  pots.  The  pot  used  here  is  of  a  conical  shape  and  is 
made  of  cast  iron.  After  the  sintered  mass  has  cooled  thor- 
oughly it  is  crushed  into  suitable  size  by  hand  for  charging  to 
the  blast  furnaces.    There  are  8  pots,  4  of  which  are  each  10- 
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ton  capacity  and  four  5-ton.  The  charge  consists  of  10%  of 
prains,  787^  of  washed  fines,  10%  of  flue  dust  and  2.07c  of 
cement  copper.  The  time  required  for  sintering  is  about  10 
hours.    The  blast  pressure  used  is  15  oz. 
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triquetting. — Raw  fines  and  flue  dust  are  briquetted  by 
of  our  briquetting  machines,  for  which  we  hold  the  patent 
pan.    Forty-five  tons  of  fines  ean  be  briquetted  by  these 
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three  machines  per  day,  requiring  only  3  horsepower.  The 
charge  is  a  mixture  of  70%  of  raw  fines  and  30%  of  flue  dust. 
Briquettes  thus  obtained  are  charged  into  the  blast  furnaces 
after  drying. 

Smelting. — The    smelting    is    done    by    four   rectangular 
water-jacket ed  blast  furnaces.    The  dimensions  are  as  follows: 


Size  at 

tuyere  level 

No. 

1.... 

..  180"  X  42" 

No. 

2.... 

>•* 

No. 

3... 

•  • 

No. 

4.... 

Height  from 

Diam.  of 

No.  of 

centre  of 

tuydres 

tuyeres 

tuydres  to 
feed  floor 

4V/' 

28 

ir  3" 

4V/' 

28 

11'  3" 

41/2" 

24 

11'  3" 

6" 

22 

7'  7" 

The  capacity  of  the  No.  1  and  No.  2  furnaces  is  100  tons 
each  and  90  tons  for  the  No.  3  furnace,  while  the  No.  4  fur- 
nace has  a  much  smaller  capacity,  same  being  only  55  tons  per 
24  hours.  Each  furnace,  except  the  No.  4,  has  a  circular  settler 
12  ft.  in  inner  diameter  and  4  ft.  in  depth,  lined  with  magnesite 
brick.  The  No.  4  furnace  has  an  Orford  forehearth  48  in.  by 
32^/^  in.  The  furnaces  are  charged  to  obtain  a  slag  of  the  fol- 
lowing composition  and  40%  copper  matte. 

Composition  of  Slag. 

Silica    367r  to      38% 

Lime  18%  to      20%? 

Copper   0.20%  to  0.25% 

Ferrous  oxide  28%,  to     30% 

Alumina  7%  to        8% 

The  normal  charge  is  as  follows: 

Lumps 45% 

Grains    7%> 

Briquette    24% 

Sinters  24% 


And  moreover  about  20%  converter  slag  is  added  to  the 
above  ore  charge,  using  10%  coke,  36%  limestone  and  3% 
coal  to  the  ore  charge ;  coal  is  forced  into  the  furnace  from  the 
tuySre.    The  blast  pressure  used  is  1.1  to  1.3  lbs. 

A  revolving  cone  is  used  for  agglomerating  flue  dust  pro- 
duced from  the  furnace  by  means  of  converter  slag. 

330  tons  of  ore  are  smelted  per  day. 
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Gonverting. — Matte  is  tapped  from  the  settler  into  a 
ladle,  the  capacity  of  which  is  4  tons,  and  is  charged  to  con- 
verters by  means  of  an  electric  traveling  crane.  Three  cranes, 
one  20  tons  and  two  25  tons,  are  employed,  the  span  being  35 
feet.  The  converter  is  of  the  barrel  type,  72  in.  by  100  in., 
with  11  tuyeres  of  1%  in.  diameter.  There  are  nine  converter 
shells  and  three  stands  equipped  with  hydraulic  tilting  appa- 
ratus. The  blast  pressure  used  is  10  lbs.  per  sq.  in.  For  the 
lining  material  decomposed  liparite  (which  has  no  value)  is 
used  mixed  with  copper  refinery  slag,  it  being  impossible  to  get 
metal-bearing  material  -cheaply.  The  lining  is  done  by  means 
of  a  tamping  machine  (IngersoU  Band  D-16)  actuated  by  com- 
pressed air  at  60  lbs.  per  sq.  in.  Two  endless  straight-line  cast- 
ing machines  are  used,  each  carrying  66  moulds  on  it  and  capa- 
ble of  making  600  ingots  of  66  lbs.  an  hour.  Moreover,  three 
sets  of  vertical  anode  casting  moulds  are  in  use,  one  anode  plate 
weighing  400  lbs.;  70,000  lbs.  of  blister  copper  are  produced 
per  day. 

Analysis  of  the  Blister  Copper. 

Au  0.00031 

Cu   99.057 

Se  and  Te 0.034 

Ab    0.029 

0 0.54 

Ag  0.12233 

Fe    0.052 

Bi 0.006 

S    0.028 

Treatment  of  Smoke. — The  smoke  from  3  of  the  furnaces 
is  forced  into  3  Asano's  C>'clone  dust  catchers  (20  ft.  diameter) 
by  3  centrifugal  fans.  Having  precipitated  nearly  all  of  the 
suspended  dust,  in  the  chamber,  the  fumes  enter  a  common  flue 
and  join  with  the  smoke  from  the  pots,  converters  and  the  other 
blast  furnace;  the  combined  smoke  thence  passes  through  a 
long  flue»  to  the  bottom  of  the  desulphurising  tower,  wherein 
the  sulphurous  acid  gas  is  absorbed  by  a  shower  of  lime  water, 
and  the  purified  gas  escapes  through  the  chimney.  The  waste 
water  is  sent  to  the  precipitating  and  filtering  ponds. 
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The  amount  of  smoke  is  100,000  to  120,000  cu.  ft.  per  min- 
at^.        Lime  water  (0.2%  solution  by  weight)  used  is  60  cu.  ft. 
pex-     :iiiinute.    A  new  flue  system  to  meet  the  requirements  of 
tiL^    Oovernment  is  now  being  built  and  will  be  finished  by  July, 
lOl  5.     The  flues,  chamber  houses  and  staxiks  are  built  of  rein- 
ed concrete  lined  with  acid-proof  material.    After  passing 
igh  Asano's  separator,  where  a  large  percent  of  the  dust 
posited,  the  furnace  gas  enters  the  chamber  house  through 
Ickxn^     inclined  and  horizontal  flues  having  many  hoppers.     The 
rns4.ixx   building  of  the  chamber  house  is  220  ft.  long  by  100  ft. 
"^i^i^ici^,  so  that  the  gas  passes  through  with  a  maximum  velocity 
c>f    2    ft.  10  in.    Wire,  as  has  come  to  be  the  common  practice  in 
^^^d-i^tcd  States,  will  be  used  in  this  chamber  for  the  separation 
e  dust  from  the  furnace  gases.    Many  hoppers  are  equipped 
e  bottom  of  this  chamber,  in  the  first  few  of  which  the  dust 
^oll^cted  will  contain  copper  in  suflBcient  quantity  to  make  it  of 
^^^■'^^^rnercial  value  and  importance  and  to  be  subsequently  recov- 
ered.      In  the  large  part  of  the  chamber  the  dust  will  contain 
ar-soxiic^   zinc   and   other   impurities  that   will  have  no   value; 
^Xic»e,  they  may  be  discarded.     The  chamber  is  connected  to 
^^^*"     stacks,  each  20  ft.  diameter  and  100  ft.  high,  three  of 
*^lx   wnll  be  in  constant  use.     The  furnace  gas  after  being 
.    -^^•^^•^ted  from  the  dust,  fumes  and  sulphuric  acid,  will  be 
1    _  "^^^cluced  into  stacks  where  the  gas  is  diluted  with  fresh  air 
^.       "*-*^^ans  of  fans,  one  of  which  is  installed  at  each  stack.   This 
.      ^^"t^^d  gas  escapes  into  the  open  air.    The  centre  line  of  the 
^^     ^^  *^^  is  perpendicular  to  the  direction  of  the  prevailing  wind 
""^^"^liio  Valley,  and  by  this  means  the  gas  further  diluted. 
^^lowers. — Three  No.   6  Roots  blowers  are  employed  for 
2    ^^^  "         0^6  No-  8  Roots  blower  is  used  for  each  of  furnaces  No. 
iNfo.  3.    For  the  No.  4  furnace,  two  No.  6  Roots  blowers  are 
2^^  *       The  blast  used  by  converters  is  delivered  by  two  hori- 

p^l       J-  ^1  blowing  engines  electrically  driven  (one  capable  of  sup- 
^^  g  4400  cu.  ft.  and  the  other  3000  cu.  ft.  of  free  air  per 
te) ;  also  by  a  vertical  blowing  engine  driven  by  water 
^r,  the  capacity  of  which  is  3000  cu.  ft.  per  minute. 
-j^  ^ower. — Total  power  consumed  in  the  plant  is  about  610 

^^        ^>    which  is  supplied   by   the  Hosoo   hydro-electric   power 
^^  ^   near  Nikko  and  13  miles  from  Ashio. 
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Transportation. — All  materials,  coke,  limestone,  copper, 
etc.,  are  transported  by  means  of  the  Ashio  Railway. 

For  the  transportation  of  the  blast  furnace  slag  to  dump, 
the  Tamamura  aerial  ropeway,  1.6  miles  long,  is  employed,  27 
tons  of  slag  being  transported  per  hour. 

Workmen. — Three  hundred  and  sixty-five  labourers  are 
employed,  working  two  shifts  of  12  hours  each. 

The  Ani  Smeltery. 

Location. — The  smeltery  of  the  Ani  copper  mines  is  in  the 
town  of  Ani  in  Akita  prefecture. 

History. — The  mines  were  discovered  in  the  latter  part  of 
the  seventeenth  century.  At  the  end  of  the  nineteenth  century 
the  mines  were  worked  on  a  large  scale  under  the  direction  of 
European  engineers. 

Ores. — The  ores  treated  are  chiefly  chalcopyrite,  associated 
with  quartz  and  iron  pyrite  at  the.  rate  of  48%  silica,  8%  cop- 
per, 18%  iron  and  17%  sulphur  on  the  average.  About  18,800 
tons  of  ores  are  treated  annually  and  produce  1400  tons  of 
copper. 

Smelting  Process. — Washed  fines  and  slimes  are  agglomer- 
ated by  the  pot  roasting  process.  Raw  fines  are  briquetted  by  a 
briquetting  machine  similar  to  those  used  at  Ashio  Smeltery. 
The  ores  thus  obtained  are  charged  to  the  blast  furnace 
together  with  raw  lumps,  limestone  and  coke.  The  resulting 
matte  is  blown  into  blister  copper  by  the  **Mabuki"  process. 

Pot  Boasting. — Four  pots  are  installed,  each  6  ft.  6  in. 
diameter,  5  ft.  deep  and  of  6  tons  capacity.  Three  of  the  pots 
are  always  in  use.    The  blast  pressure  is  12  oz. 

Briquetting. — One  briquetting  machine  is  in  use,  treating 
a  mixture  of  raw  fines  and  flue  dust. 

Smelting. — There  are  two  furnaces,  same  being  used  alter- 
natively, the  dimensions  of  which  are  as  follows : 


Height   from 

Size    at 

Diam.    of 

No.  of 

centre  of 

tuyere  level 

tuyeres 

tuyeres 

tuyeres  tu 
feed  floor 

8'x3' 

41/2" 

10 

11'  3" 

5'  6"  X  3' 

3" 

7 

11'  3" 
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Seventy-seven  tons  of  ore  are  smelted  and  11  tons  of  47% 
copper  matte  are  produced,  the  slag  containing  44%  of  silica — 
the  copper  content  of  the  slag  being  0.35%. 

Converting. — Seven  Mabuki  hearths,  each  3  ft.  3  in.  diam- 
eter and  1  ft.  1  in.  deep,  are  used  to  convert  the  matte,  pro- 
ducing 110  to  120  tons  of  copper,  98.6%  in  purity,  per  month. 
The  blast  pressure  is  12  oz. 

Blowers. — Three  No.  6  Roots  blowers  are  employed  for  the 
use  of  the  pots,  the  blast  furnaces  and  the  Mabuki  hearths. 

Workmen. — One  hundred  and  forty  labourers  are  em- 
ployed, working  in  two  shifts  of  12  hours  each. 

COPPER  WORKS  BELONGING  TO  THE  FURUKAWA  CO. 

History. 

The  electrolytic  copper  refinery  of  the  Furukawa  Co.  origi- 
nated with  a  small  experimental  plant  in  the  Honjo  Copper 
Works,  Tokyo,  in  1884.  In  1891,  the  experiment  was  carried 
out  commercially  on  a  small  scale,  adopting  the  multiple  sys- 
tem with  a  dynamo  of  20  volts  and  240  amperes.  A  wire  mill 
was  added  to  the  plant  in  3897.  Shortly  after,  the  works  were 
enlarged  to  the  capacity  of  160,000  lbs.  of  cathode  copper  per 
month,  current  density  being  9  amperes  per  sq.  ft.  A  few 
years  later  there  was  an  increased  demand  for  copper  wire  and 
a  new  refinery  and  a  wire  mill  were  erected  near  Nikko.  The 
series  system  was  adopted  with  a  current  density  of  27  amperes 
per  sq.  ft.,  the  generator  being  of  180  kw.  Afterwards,  the 
plant  was  doubled  and  the  current  density  was  brought  down  to 
20  amperes  per  sq.  ft.  The  total  output  then  became  1,800,000 
lbs.  per  month.  In  1912,  a  multiple  plant  of  the  capacity  of 
900,000  lbs.  of  cathode  copper  per  month  at  a  current  density 
of  18  amperes  per  sq.  ft.  was  also  added,  with  a  dynamo  deliv- 
ering 5000  amperes  at  60  volts. 

Electrolytic  Plant  in  the  Honjo  Copper  Works,  Tokyo. 

The  multiple  plant  as  opened  in  1891  at  the  Honjo  Copper 
Works  was  equipped  with  the  following  apparatus: 

One  Wolff's  8^/^-hp.  portable  locomotive  type  boiler,  with 
a  single-cylinder  engine ;  1  Siemens  4.8-kw.,  20-volt,  240-ampere, 
shunt-wound  direct-current  dynamo;  42  six-pound,  lead-lined 
wooden  electrolytic  tanks,  69  in.  by  43  in.  by  30  in.;  3  lead- 
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lined  reservoirs,  60  in.  by  60  in.  by  36  in.;  1  lead-lined  acid 
pump  with  rubber  membrane. 

The  tanks  were  arranged  in  4  rows  as  shown  in  Pig.  1 
herewith,  and  the  shape  of  the  anode  was  as  shown  in  Pig.  2 
herewith.  The  distance  from  centre  to  centre  of  cathode  hang- 
ers was  6  inches.  The  voltage  of  each  tank  was  about  0.45  volt 
in  spite  of  a  very  low  current  density,  as  the  plant  was  pro- 
vided with  no  heating  apparatus.  The  multiple  plant  opened  in 
1898  was  equipped  with:  One  Siemens  dynamo,  35  kw.  (1000 
amperes,  35  volts) ;  1  Miyoshi's  dynamo,  35  kw.  (1000  amperes, 
35  volts) ;  78  lead-lined,  wooden  tanks,  1560  mm.  by  900  mm. 
by  1000  mm.;  1  Wolff's  100-hp.  cross-compound  condensing 
engine;  1  Enke  blower,  80  mm.  mercury  column;  2  Boots' 
water-tube  boilers,  each  with  a  heating  surface  of  825  sq.  ft. 
The  tanks  were  all  on  the  same  level;  electric  connection  was 
the  same  as  in  the  old  plant.  The  circulation  of  electrolyte  was 
done  individually  for  each  tank  by  blowing  air  in  one  side  of 
the  tank,  and  the  heating  was  done  by  a  steam  pipe  at  the  other 
side.  This  method  was,  however,  incapable  of  maintaining  a 
uniform  composition  of  electrolyte  throughout  the  plant,  and 
was  replaced  by  the  cascade  system. 

The  anode  was  of  the  lug  type  (5.5  sq.  ft.)  and  each  tank 
had  9  anodes.    These  works  were  closed  in  1908,  a  large  por- 
tion of  the  equipment  being  moved  to  the  Nikko  Works,  which 
had  been  opened  in  1907. 
The*Nikko  Copper  Works. 

The  cost  of  power  in  Tokyo  was  moderate  at  the  time  when 
Iwaki  dust  coal  was  used  as  fuel.  The  price  of  coal  advanced 
after  the  Chino-Japanese  war  on  account  of  the  increased 
demands.  At  this  time,  Nikko,  where  water  power  was  easily 
obtainable,  was  selected  as  the  place  for  the  new  works.  After 
careful  investigation,  the  series  process  was  adopted  for  the 
reason  that  if  the  copper  refined  by  the  reverberatory  furnace 
was  usetl  as  anode,  the  series  system  was  much  more  preferable 
than  the  multiple  process  where  interest  is  high  and  wages  are 
low,  as  is  the  case  in  Japan. 

The  current  density  first  adopted  was  27  amperes  per  sq.  ft., 
on  account  of  the  low  cost  of  power  in  Nikko,  but  it  was  later 
reduced  to  20  amperes. 


METALLURGY  OP  COPPER  IN  JAPAN 


293 


This  plant  is  now  producing  1,800,000  lbs.  of  refined  cop- 
per per  month.  In  the  extended  electrolytic  plant  completed  in 
1912  the  multiple  process  was  adopted,  the  reasons  being :  first. 


Fig.  1. 


SI 


ft 


Fig.  2. 


the  possibility  of  making  converter  anodes  in  the  Ashio  smeltery ; 
secondly,  facilities  for  heavy  transportation  over  the  Nikko 
electric  railway  and  the  Ashio  railway  recently  opened;  and, 
thirdly,  the  expensiveness  of  coal.    This  plant  is  now  produc- 
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ing  900,000  lbs.  monthly  at  a  current  density  of  18  amperes  per 
Wi,  ft,,  and  has  ground  reserved  for  a  future  extension  for 
doubling  the  production. 

(a)  The  Series  Process. — The  electrodes  used  are  rolled 
sheets,  each  having  the  following  dimensions: 

Length,  24'^ ;  width,  12'' ;  thickness, '%' 


// 


Average  composition  is: 

Cu  99.4%,  Ag  0.13%,  Au  0.0004%. 

The  blister  copper  after  being  treated  in  a  reverberatory 
furnace  is  cast  into  cakes  two  feet  long,  one  foot  wide  and  two 
inches  thick.  These  cakes  are  reheated  in  the  reheating  fur- 
naccH,  then  rolled  by  a  two-high  roll,  sheared,  straightened  and 
then  8(?iit  to  the  electrolytic  tank  room.  The  electrolytic  tanks 
are  made  of  wood  and  doubly  lined  with  asphalt  and  have  two 
compartments,  each  compartment  being  capable  of  receiving  84 
pieces  of  electrode,  so  as  to  make  42  poles.  The  tanks  are 
arranged  as  shown  in  Fig.  3  herewith,  twelve  tanks  to  a  sec- 
tion. The  electric  connection  is  seen  in  that  sketch,  each  row, 
i.  e.,  a,  Pf  y  and  8,  having  an  individual  ammeter.  The  elec- 
trolyte comes  from  one  head  tank  to  each  row  and  returns  to 
one  receiving  tank,  and  is  pumped  up  again  to  the  head  tank  by 
moans  of  an  air  lift  pump.  The  potential  difference  between  A 
section  and  N  section  is  more  than  200  volts,  so  that  it  is  neces- 
sary to  insulate  the  electrolyte  by  inserting  an  insulating  vase 
in  the  inlet  and  the  outlet  of  each  of  the  rows. 

The  construction  of  a  vase  is  shown  in  Pig.  4  herewith — a 
lead  tray  having  numerous  hemispherical  projections  in  its 
bottom,  each  projection  having  one  small  hole  1-16  in.  diameter. 
The  electrolyte  falls  down  through  those  holes  in  drops  and  is 
completely  insulated.  All  the  electrolytic  tanks  are  made  of 
wood  and  have  ^':>'\u,  asphalt  lining.  The  temperature  of  the 
electrolyte  is  kept  at  100"*  F.  and  it  contains  35  grams  of  copper 
and  100  grams  of  sulphuric  acid  to  a  litre. 

(b)  Multiple  Process. — ^Anodes  are  directly  cast  from  con- 
verters at  the  Ashio  smeltery.  The  size  of  the  anode  is  2^2  ft. 
by  3  ft.  by  l^o  in.  and  it  contains  99.1%  copper,  0.0003%  gold, 
O.Vi  silver. 


KETALLCBGT  OF  COPPER  IX  JAPAN 


Each  tank  contains  20  anodes  and  21  cathodes.    The  area 
of  the  cathodes  is  a  little  larger  than  that  of  the  anodes.    The 
)  from  centre  to  centre  of  the  anode  is  5%  in.     The 


M 
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arrangement  of  the  tanks  is  after  the  Walker  system  and  the 
plant  has  12  rows,  as  shown  in  Fig.  5  herewith.  The  tank  room 
is  constructed  of  reinforced  concrete  after  the  Kahn  system 
and  is  equipped  with  a  Whiting  5-ton  anode  handling  crane. 
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(o)  Blnestone  and  Slime  Treatment. — ^Both  the  series  plant 
and  the  multiple  plant  have  acid  recovering  tanks  and  blue- 
stone  plants  for  purifying  their  electrolytes.  The  evaporating 
furnace,  shown  in  Fig.  6  herewith,  is  directly  heated  by  burn- 
ing wood  or  coal ;  the  kettle  is  an  inclined  shallow  rectangular 
one  made  of  sheet  lead  and  has  a  corrugated  bottom,  so  that  the 
solution  first  enters  the  topmost  furrow,  then  flows  over  the 
ridge  to  the  next  furrow  and  so  on.  Thus  the  descending  solu- 
tion is  discharged  from  the  lowest  furrow,  which  is  the  largest 
and  is  just  above  the  fire  place.  The  solution  is  delivered,  los- 
ing its  half  volume,  while  it  is  descending  18  ft.  The  concen- 
trated solution  is  poured  into  the  crystallizing  tanks  and  stands 
for  a  few  days.  In  the  slime  house,  the  slime  is  first  treated  in 
a  centrifugal  filtering  machine  and  then  roasted  in  a  pot;  the 
issuing  gas  is  washed  by  water  before  it  goes  to  the  chimney. 
The  roasted  slime  is  mixed  with  lead  and  sent  to  the  cupelling 
furnace  to  obtain  noble  bullion.  Moreover,  the  plant  has  a 
reduction  furnace  and  a  liquidation  furnace. 

(d)  Power. — The  power  for  the  series  process  is  supplied 
from  two  generators,  both  directly  connected  to  water  wheels, 
and  each  yields  600  amperes  at  300  volts.  The  power  house  is 
close  to  the  tank  house.  The  power  for  the  multiple  process  is 
supplied  from  a  motor-generator,  the  capacity  of  which  is  300 
kw.  The  direct-current  generator  delivers  5000  amperes  at  60 
volts,  and  is  coupled  to  a  synchronous  motor  of  3000  volts, 
which  is  driven  by  current  from  one  of  the  large  generators  at 
the  IIc^oo  hydro-eliH»tric  plant,  one  mile  distant  from  the  tank 
house. 

(e)  Beverberatory  Furnaces. — There  are  four  reverbera- 
tory  furnaces,  the  capacity  of  each  of  which  is  70,000  to  100,- 
(XX>  pounds  per  charge.  The  flues  of  two  of  them  are  connected 
to  a  loO-hp.  Stirling  boiler,  in  order  to  utilize  the  waste  heat. 
There  are  two  kinds  of  casting  machines — one  is  the  ring  sys- 
tem, casting  cakes  for  the  electrodes,  the  other  is  the  movable 
launder  system  for  wire  bars  and  ingots. 

Copper  Wirt  Industry  in  the  Nikko  Woite. 

The  copper  wire  industry  of  the  Furukawa  Co.  was  origin- 
atiHl  at  the  Honjo  Copper  Works,  where  a  three-high  rolL  a 
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finishing  train,  and  40  single  drawing  machines  were  installed 
in  1897.  This  factory  was  transferred  in  1908  to  the  Nikko 
works,  which  were  opened  in  1907,    The  Nikko  works  consist  of 
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a  rolling-mill  house^  drawing-mill  house,  copper-ribbon  house, 
and  annealing-furnace  house.  In  the  rolling-mill  house,  there 
are  one  set  of  three-high  cogging  rolls,  the  intermediate  rolls 
and  the  finishing  trains ;  they  are  all  driven  by  a  600-hp.  water 
turbine.  In  the  drawing-mill  house,  there  are  15  tandem  draw- 
ing machines,  50  single  blocks  and  two  trolley-wire  machines. 
In  the  copper-ribbon  house,  there  are  two  cogging  rolls,  two 
finishing  rolls  and  six  copper-bar  draw  benches.  In  the  anneal- 
ing-furnace house,  there  are  two  Bates  and  Peard  annealing 
furnaces.  These  works  produce  2,700,000  lbs.  of  copper  manu- 
factures per  month. 
Electrolytic  Plants  of  Other  Companies. 

There  are  four  electrolytic  plants  running  in  this  country 
besides  the  Nikko  works,  namely,  the  Kosaka  smeltery,  the 
Hidachi  smeltery,  the  Mitsubishi  refinery  at  Osaka  and  the 
Osaka  Electrolytic  Copper  Refining  Co.,  all  having  adopted  the 
multiple  system.  The  newest  of  these  plants  is  that  of  the 
Hidachi  smeltery,  the  electrolytic  tanks  therein  being  arranged 
after  the  Walker  system. 

The  monthly  productions  are  1,600,000  lbs.  in  the  Kosaka 
smeltery ;  2,400,000  lbs.  in  the  Hidachi  smeltery ;  2,200,000  lbs, 
in  the  Mitsubishi  refinery  at  Osaka  and  530,000  lbs.  in  the  Osaka 
Electrolytic  Copper  Refining  Co. ;  thus  the  total  annual  produc- 
tion of  electrolytic  copper  in  Japan,  including  Nikko,  is  about 
57,000  tons. 

DI80TJ8SION 

Mr.  Mr.  T.  T.  Bead,""  Mem.  Am.  Inst.  M.  E.,  stated  that  the  paper  in 

Read,  question  was  a  discussion  of  the  practice  at  the  Furukawa  plant,  which 
is  very  old  and  the  pioneer  plant  of  Japan,  rather  than  a  treatise  upon 
the  metallurgy  of  copper  in  Japan  as  a  whole.  In  Japan  the  smelter  fume 
problem  is  of  even  more  inijwrtance  than  in  the  United  States,  on  account 
of  the  dense  population  and  the  particularly  harmful  effect  of  sulphur 
dioxide  fume  upon  the  rice  crop  at  certain  seasons,  when  smelters  are  re- 
quired to  run  low  and  even  at  times  to  entirely  shut  down.  This,  he  said, 
held  true  of  the  Furukawa  plant,  although  it  is  situated  in  the  mount- 
ains. In  order  to  protect  the  forests  and  the  hillside  willows,  the  gov- 
ernment also  required  effective  treatment  of  the  fume.  For  this  purpose, 
the  process  of  neutralizing  the  sulphur  dioxide  fume  with  lime  water  is 
in  use  at  Ashio.  It  is  rendered  possible  here  through  the  cheap  labor 
whioh  can  be  had  in  Japan. 

•  New  York.  N.  Y. 
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COARSE  CRUSHING  PLANT ;  1,000  TONS  CAPACITY. 

By 

G.  O.  BRADLEY, 

Mechanical  Engineer, 

San  Francisco,  Calif.,  U.  S.  A. 


In  recent  years  the  equipment  and  arrangement  of  crush- 
ing plants  are  receiving  the  same  careful  study  and  attention 
on  the  part  of  mill  men  and  engineers  that  are  devoted  to  the 
other  departments  of  the  modern  reduction  works,  and  this 
general  awakening  of  interest  is  very  evident  from  the  fact 
that  we  now  have  in  operation  many  efficient  crushing  installa- 
tions which  balance  very  favorably  with  the  other  departments 
in  the  point  of  economical  performance.  We  have  passed  be- 
yond the  age  of  grossly  light  and  inefficient  apparatus  for  this 
important  work,  and  one  can  plainly  see  the  results  reflected  in 
the  cost  sheets  of  our  up-to-date  crushing  installations. 

We  now  have  on  the  market  various  types  of  crushing 
machinery,  which  have  been  developed  and  perfected  after 
years  of  experience,  and  we  are  indebted  in  a  very  marked  de- 
gree to  the  manufacturer  for  the  efficiency  of  our  modern 
crushing  machines,  as  they  have  willingly  supported  us  with 
their  own  engineering  skill,  as  well  as  liberality,  in  the  replac- 
ing of  machine  parts  that  may  have  proven  inefficient  or  not 
suited  to  the  service  required.  Today,  the  engineer  has  at  his 
command  a  most  complete  line  of  primary-crushing  and  coarse- 
grinding  machinery,  and  in  my  opinion,  the  following  classifi- 
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cation  may  safely  be  followed  in  making  the  proper  selection 
of  a  primary  crusher  that  will  give  the  best  results  on  a  given 
ore: 

Typa  of  Onuhar  Bmmd- 
Obuacter  of  On  m«nded 

1.  A  hard,  tongb,  Bharp'breaking  rock,    (a)  Gyratory  Crusher. 

(b)  Jaw  Crustier. 

(c)  Edison  Bolls  Crusher. 

2.  Medium-breaking  ore.  (a)  Gyratory  Crusher. 

(b)  Jaw  Crusher. 

(c)  Fainnooat  Crusher. 

(d)  Edison  Bolla. 

3.  Soft,  easy- breaking,  clayey  ore,  (a)  Fairmount  Crusher. 

(b)  Edison  Rolls. 

Note;  The  Fairmount  crusher  is  a  new  development  in.  primary 
crushing  n>achiDery,  and  its  design  is  along  the  lines  of  a  compromise 
between  the  Bdison  rolls  and  the  jaw  crusher,  in  that  it  has  a  single 
segmental  jaw  and  a  single  revolving  hub  or  core,  into  which  are  inserted 
manganese -steel  breaking  lugs  or  knobules.  The  jaw  is  held  up  to  the 
work  by  means  of  massive  tension  rods. 

It  resolves  itself,  therefore,  upon  the  engineer  to  select  the 
apparatus  best  adapted  to  the  particular  problem  that  he  is  to 
deal  with.  It  is,  of  course,  importaot  that  he  should  have  in  his 
possession  all  the  governing  data  relative  to  the  plant  require- 
ments and  the  character  of  ore  to  be  treated,  and  in  this  con- 
nection I  have  outlined  the  principal  subjects  of  information 
for  the  general  guidance  of  the  designer,  which  are  as  follows : 

1.  The  system  of  mining  employed.  This  can  be  divided 
into  two  classes,  viz.: 

(a)  Surface  Mining 

(b)  Underground  Mining 

'he  capacity  of  plant  per  hour  in  tons,  and  the  uniform- 
I  6nished  product. 

Jature  of  the  material  to  be  crushed — degree  of  hard- 
moisture  characteristics. 

!Tie  proper  location  of  the  plant  in  its  relation  to  the 
)artments. 

lechanical  efficiency,  accessibility  to  all  working  parts 
ichinerj\  and  the  economy  of  operation. 
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6.  The  type  of  power  available. 

7.  Class  and  type  of  construction. 

8.  Lighting,  heating  and  ventilation. 

Surface  mining  requires,  as  a  rule,  massive  equipment  for 
primary  crushing,  for  the  reason  that  it  is  necessary  to  rough 
dovrn  the  large  pieces  of  rock  too  cumbersome  to  be  handled 
economically  within  the  limits  of  a  finishing  plant;  therefore, 
in  the  case  of  steam  shovel  or  surface  mining,  the  gyratory 
crushers  shown  should  be  preceded  with  a  primary  crushing  or 
roughing  plant. 

The  arrangement  of  the  plant  selected  to  accompany  this 
discussion  is  illustrated  by  the  accompanying  drawings.  Plates 
I,  n.  III  and  IV,  and  the  design  is  offered  with  a  view  of  answer- 
ing the  general  requirements  of  coarse  crushing  as  applied  to 
any  system  of  underground  mining  where  it  is  desired  to  pro- 
duce a  finished  product  for  subsequent  milling  operations.  In 
the  selection  of  the  design,  I  have  been  governed  by  the  follow- 
ing general  conditions. 

Flow  Sheet :  The  primary  ore  to  be  delivered  to  the  crush- 
ing plant  at  the  receiving  point  above  the  grizzly  screens,  or  it 
can  very  conveniently  be  delivered  directly  into  the  coarse-ore 
bin,  as  shown  on  Plate  III  under  notation,  *' Alternative  delivery 
point  for  the  coarse  ore". 

The  ore  is  fed  from  the  bin  into  the  gyratory  crushers, 
which,  after  crushing,  discharge  into  the  receiving  pockets,  from 
which  it  is  elevated  by  means  of  the  automatic  skips  and  dis- 
charged over  the  sizing  grizzly. 

The  oversize  returns  to  the  coarse  bin  by  gravity  for  re- 
crushing,  and  is  retained  in  this  closed  circuit  until  it  is  fine 
enough  to  pass  the  sizing  grizzly.  The  undersize  is  fed  onto  the 
undersize  conveyor  by  revolving  drum-type  feeders  and  is 
conveyed  to  the  fine  ore  bin,  more  plainly  shown  on  Plates  I 
and  II. 

From  this  point,  the  ore  is  uniformly  fed  over  the  dry  im- 
pact screens,  and  the  oversize  is  collected  on  the  lateral  con- 
veyors which  discharge  into  the  54  in.  by  20  in.  rolls. 

The  undersize  from  the  impact  screens  is  discharged  onto 
the  conveyor  for  the  finished  product,  as  indicated  more  clearly 
on  Plate  II. 
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The  ore,  after  passing  the  rolls,  falls  by  gravity  into  the 
receiving  pockets,  and  is  charged  automatically  into  the  skips 
and  returned  to  the  fine  ore  bin,  where  the  above  process  is 
jrepeated  until  the  ore  is  reduced  sufficiently  to  pass  the  ^A-in. 
mesh  screens. 

TjTpe  of  Plant :    Dry  crushing. 

Capacity :    1000  tons  per  day. 

Material:  Ore  of  average  hardness,  and  such  as  produced 
by  the  present  practice  of  underground  mining. 

Equipment:  Arranged  for  graded  crushing  and  rolling, 
with  oversize  return. 

Product:    Finishing  to  pass  through  ^,/4-in.  mesh  screen. 

Power :    Electricity. 

Construction:    Concrete  and  steel  throughout. 

A  general  description  of  the  equipment  to  be  in  accordance 
with  the  following  discussion  under  their  respective  sub- 
headings : 

Building:  The  building  to  be  of  concrete  and  steel  con- 
struction throughout,  having  the  coarse  and  fine  ore  bins  in 
alignment  at  the  head  of  the  mill,  and  arranged  for  electric 
crane-way  over  the  entire  operating  floor.  All  crushing  ma- 
chinery and  auxiliary  apparatus  to  be  installed  on  a  single 
level,  so  as  to  minimize  attendance  and  facilitate  maintenance 
and  repairs.  The  fine-ore  bin  to  be  constructed  with  the  sus- 
pended-type steel  bottom,  which  is  more  clearly  illustrated  on 
Plate  II. 

Crushers :  The  crushers  contemplated  for  this  installation 
are  two  No.  7  gyratory  type,  standard  discharge,  set  to  crush 
2Mj-in.  ring  gauge. 

Feeders:  Each  crusher  is  fed  by  an  individual  drum-type 
revolving  feeder,  located  at  the  side  of  the  coarse  ore  bin.  The 
feeders  are  provided  with  proper  feeder  housing  and  hand- 
operated  geared  cut-off  gates  between  same  and  the  ore  supply. 
The  feeders  are  driven  from  the  crusher  pinion  shaft,  thus  in- 
suring, automatically,  a  stoppage  of  feed  when  any  one  of  the 
crushing  units  is  not  in  operation. 

Bolls :  The  54-in.  diameter  by  20-in.  face  rolls  proposed  for 
this  installation  are  of  the  heavy-pattern  self-contained  type. 
In  each  case  the  stationary  rigid-roll  shaft  is  provided  with  out- 
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board  bearing.  The  driving  pulleys  are  both  mounted  on  the 
same  side,  in  order  to  give  a  much  greater  factor  of  safety 
and  freer  access  to  the  operator  when  making  repairs  or  in- 
spection of  the  running  machines.  The  rolls  are  designed  for 
a  combined  working  load  or  spring  capacity  of  15,000-pounds 
pressure  per  inch  of  width  on  the  roll  face.  The  main  driving 
pulley  for  each  set  of  rolls  is  of  the  heavy  fly-wheel  type,  108- 
in.  finished  diameter  by  17-in.  crown  face.  The  hubs  and  rims 
are  of  cast  steel,  and  the  center  is  formed  by  two  steel  web 
plates  V^-in.  in  thickness  and  dished  so  as  to  give  lateral  stiff- 
ness. These  plates  are  riveted  to  the  hub  and  rim  castings  by 
machine- turned  through  rivets.  The  approximate  weight  of 
each  pulley  is  eight  tons.  This  heavy  fly-wheel  has  the  effect 
of  producing  a  very  steady  and  smooth  running  unit,  and  in- 
creases the  efficiency  very  materially. 

Feeders:  The  undersize  ore  is  fed  from  the  fine-ore  bins 
by  revolving  or  drum-type  feeders,  illustrated  in  section  on 
Plates  I  and  II  and  in  plan  on  Section  BB,  Plate  I.  The  ore  is 
fed  uniformly  over  the  impact  screens,  where  the  oversize  is 
collected  onto  the  belt  conveyor  feeder,  which  carries  same  to 
the  roll  units.  The  undersize  or  finished  product  is  collected 
by  the  branch  launders  and  delivered  onto  the  conveyor,  where 
it  is  transported  to  the  sampling  and  fine  grinding  departments 
for  further  treatment. 

Drives:  The  conveyors,  feeders,  and  screen  drives  are 
taken  from  the  roll  shaft,  as  it  will  be  noted  that  each  set  of 
rolls  is  provided  with  an  independent  nest  of  feeders  and 
screens.  The  main  drives  consist  of  two  150-hp.  motors  of  the 
double-end  type,  having  a  flexible  coupling  connecting  the 
transmission  shafts  at  each  end,  also  a  friction  coupling  or  cut- 
off which  enables  the  operator  to  run  any  machine  independ- 
ently or  together  as  may  be  desired.  This  system  of  drives 
applies  to  both  the  crushers  and  rolls,  as  is  clearly  shown  in 
Plates  I,  II  and  III. 

Automatic  Skips :  The  crusher  and  roll  units  are  each  pro- 
vided with  balanced  automatic  skips  in  place  of  the  ordinary 
belt  elevators  commonly  used  for  this  class  of  work,  and  the 
advantages  of  the  skip  over  the  belt  elevator  are  numerous. 
The  skips  are  more  wieldy  and  can  operate  to  any  height  de- 
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sired,  making  it  possible  to  concentrate  the  equipment  and  op- 
erating labor,  at  the  same  time  avoiding  all  the  annoying  evils 
so  prevalent  in  connection  with  belt  elevators. 

The  operation  of  the  balanced  automatic  skips  will  be  in 
accordance  with  the  following  general  description : 

The  arrangement  of  the  loading  apparatus  at  the  bottom 
of  the  shaft  is  such  that  when  the  empty  skip  comes  into  place 
it  engages  the  automatic-skip  loading-mechanism,  which  closes 
gate  **U**  completely;  then  gate  **R"  starts  to  open.  The 
measuring  hopper  holds,  when  filled,  one  skip  load.  As  the 
weight  of  the  load  increases,  the  loaded  skip  compresses  the 
weighted  platform  at  the  bottom  of  the  shaft,  overcoming  the 
resistance  of  counter- weight  **T'\  This  movement  is  sufficient 
to  trip  the  lever  operating  a  master  controller,  and  which  au- 
tomatically starts  the  hoist.  As  skip  **B"  starts  to  ascend,  the 
engaging  mechanism  follows  with  it,  due  to  the  over-balancing 
of  counter- weight  *'S".  The  first  cycle  closes  gate  **R"  com- 
pletely, and  as  the  skip  continues  on  its  upward  movement  gate 
**U''  opens  and  remains  in  this  position  until  the  skip  returns 
on  its  downward  travel. 

A  geared  limit  switch  of  the  traveling-nut  type  is  mounted 
on  the  hoist  and  so  arranged  as  to  allow  the  hoist  to  coast 
momentarily  when  either  of  the  skips  approaches  the  dumping 
position.  Just  before  the  skip  reaches  its  proper  limit  of  travel, 
the  limit  switch  will  automatically  de-energize  the  solenoid 
brake,  thus  bringing  the  hoist  to  rest.  Hatchway  limit  switches 
are  also  liH^atiHl  in  such  a  manner  as  to  be  operated  by  the  mo- 
tion of  the  skip  itself.  These  hatchway  limit  switches  will 
sorve  as  «n  additional  pn^aution  in  ease  of  failure  of  opera- 
tions of  the  geared  limit  switch.  The  master  controller  is  also 
interH»onnectoii  by  means  of  a  double-throw  knife  switch,  so 
that  hand  operation  may  be  obtained  at  the  will  of  the  operator. 
The  autoiuatio  master  controller  will  have  only  three  points, 
i.  e.,  a  neutral  position  at  the  center  of  throw  and  a  position 
on  each  side  of  the  center  for  either  direction  of  hoistiusr. 

The  method  of  the  operation  and  control  will  be  as  follows: 

Assume  that  skip  '*A''  is  being  hoisted  and  skip  **B"  be- 
injj  lowertni.  Just  before  the  skip  ''A'*  reaches  the  dumping 
point,  the  hoist  will  be  slowed  down  by  gravity  to  approxi- 
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mately  half -speed.  When  skip  **A"  has  reached  a  point  peiv 
haps  two  feet  from  its  final  position,  skip  "B"  will  engage  with 
the  scale  platform,  depressing  the  latter  for  a  short  distance 
and  increasing  the  load  upon  the  motor  by  increasing  the  un- 
balanced effect  of  the  upper  skip.  When  skip  '*A"  reaches  its 
final  limit  of  travel,  the  solenoid  brake  will  be  applied  by  means 
of  the  limit  switch.  Skip  "B",  however,  will  have  to  come  to 
a  standstill  in  the  meantime,  so  that  there  will  be  a  small 
amount  of  slack  in  the  **B''  cable.  The  ore  now  being  dumped 
into  skip  **B''  will  cause  a  further  depression  of  the  plat- 
form and  a  movement  of  one  of  the  operating  arms  attached 
to  the  automatic  master.  The  latter,  which  has  been  in  the 
proper  position  for  hoisting  skip  "A",  will  have  its  handle 
pushed  past  the  neutral  position  and  into  the  position  for  hoist- 
ing skip  **B";  it  will  be  held  in  place  by  a  roller  falling  into 
a  notch  on  a  star  wheel.  Since  the  limit  switch  will  offer  no 
opposition  to  hoisting  skip  **B",  the  latter  will  now  start  to 
rise.  Retardation  will  then  take  place  when  skip  *'B''  reaches 
the  upper  end  of  its  travel,  as  previously  described  in  the  case 
of  skip**A'\ 
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Estimated  Cost. 
Building: 

Grading  $  2,000 

Concrete    6,000 

Steel,  building  31,500 

Steel,  corrugated 2,085 

Sheathing  and  Nailing  Strips 900 

Doors  and  Windows 1,600 

Floors    360 

Grizzlies    385 

Stairs  750 

Lighting  and  Wiring 2,300 

Laundering 300 

Crane  4,000 

Painting   800     $  52,980 

Equipment: 

2  No.  8  Crushers 8,100 

Freight,  at  $1.50  per  100  lb 3,045 

Erection,         **       *'     '*     *'    3,045 

2  Gates  and  Special  Chutes 90 

4  Feeders   500 

12  Feeders   1,500 

12  Impact  Screens 2,760 

2  54"  X  20"  Rolls 10,650 

Freight,  at  $1.50  per  100  lb 3,803 

Erection    2,500 

2  Automatic  Hoists,  complete 13,800 

4  Loaders  1,680 

2  150-hp.  Motors  and  Starters 3,900 

Complete  Transmission,  Belting,  Etc 2,900 

Complete  Conveyors  and  Drives 1,050        59,32^ 

112,303 
Miscellaneous  and  Supervision,  5Cr 5,615 

Total  Estimated  Ckwt ^  $117,9ia 
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DISCUSSION 

Mr.  Oscar  Lachmund,*  Mem.  Am.  Inst.  M.  E.,  asked  if  it  were  true        ^r. 
that    jaw    crushers   delivered    a    more    uniform    product    than    gyratory   I^*chraund. 
crushers. 

llr.  C.  T.  DuBelLt  Mem.  Am.  Inst.  M.  E.,  said  that  he  considered  the     Mr. 
whole  question  as  being  one  of  relative  economy  of  operation  of  the  two  ^^^^"• 
types  of  crushers. 

Prof.  E.  A.  Hersam^l  Mem.  Am.  Inst.  M.  E.,  stated  that  he  thought  Prof, 
there  was  little  difference  of  efficiency  between  a  reciprocating  jaw  ^®"*™- 
crusher  and  a  gyratory  crusher,  but  that  it  might  make  a  difference 
whether  the  power  was  applied  below  or  above  the  fulcrum  of  the  jaw. 
He,  therefore,  thought  that  it  might  be  possible  that  a  higher  efficiency 
at  times  was  realized  with  machines  of  the  Blake  type.  He  also  called 
attention  to  the  effect  of  the  rapidity  of  impact,  a  question  which  had 
been  much  neglected  in  connection  with  rock  crushing.  In  other  words, 
he  deemed  the  time  factor  a  most  important  one. 

Mr.  E.  H.  Slmonds,**  Mem.  Am.  Inst.  M.  E.,  stated  that  some  years  Mr. 
ago  it  was  considered  good  practice  to  install  a  large  jaw  crusher  in  order  Simonds. 
to  do  away  with  the  sledging  of  the  large  boulders  which  is  necessary 
when  a  gyratory  crusher  of  equivalent  capacity  is  used.  On  the  whole, 
he  thought  that,  aside  from  this,  the  gyratory  crusher  presented  certain 
advantages.  He  also  called  attention  to  the  fact  that  Mr.  Bradley  had 
not  mentioned  in  his  paper  the  disc  pulverizers,  which  are  now  coming 
very  generally  into  use. 

Prof.  O.  H.  devonger,***  Mem.  Am.  Inst.  M.  E.,  stated  that  it  is  no      Prof, 
longer  true  that  the  large  sizes  of  gyratory  breakers  do  not  take  the  C'®^^"*?^^- 
largest  boulders  coming  from  the  mine. 

*  Greenwood,  B.  C,  Canada. 

t  Los  Angeles,   Calif. 

t  University  of  California,   Berkeley,   Calif. 

**  San  Francisco,  Calif. 

***  Stanford  University,  Calif. 
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PRIMARY  CRUSHING. 

In  the  first  paper  of  this  series  Mr.  George  Bradley  has 
described  a  crushing  plant  to  handle  1000  tons  per  day  of  an 
average  ore,  reducing  from  run-of-mine  to  a  point  where  all 
passes  0.25  in.  aperture.  This  combination  of  gyratory  crushers 
and  rolls  is  not  at  present  in  general  use  in  preparing  ores  for 
cyanide  treatment,  but  there  seems  little  reason  to  doubt  that 
it  will  play  an  important  part  in  the  preliminary  crushing  of 
the  very  large  low-grade  deposits  which  are  rapidly  assuming 
importance  in  the  metallurgy  of  gold  and  silver. 

Where  the  adjuncts  of  very  large-scale  operations  are 
available,  dry  crushing  with  gyratory  or  jaw  crushers,  followed 
by  rolls  down  to  0.2-in.  aperture,  stands  in  a  class  by  itself,  so 
far  as  costs  are  concerned.  Such  equipment  is  not  well  adapted, 
however,  to  the  usual  cyanide  plant  with  limited  machine  shop 
facilities  and  average  mill  operatives.  The  incidental  problem 
of  dust  is  also  one  to  which  the  cyanide  metallurgist  will  be 
wisely  loath  to  revert. 

The  trend  of  recent  practice  is  strongly  toward  two-stage 
primary  crushing,  using  first  a  large-size  Blake-type  or  jaw 
crusher,  located  either  underground  or  at  the  surface,  depend- 
ing on  the  system  of  mining  employed,  and  breaking  from  run- 
of-mine  to,  say,  6-in.  ring.  This  product  is  re-crushed  in  cone 
crushers  to,  say,  2-in.  ring,  suitable  trommels  or  grizzlies  being 
provided  to  eliminate  undersize  material  from  the  feeds,  but 
neither  machine  being  operated  in  a  closed  circuit.  Dry  crush- 
ing is  not  usually  carried  beyond  this  point. 

The  Symons  horizontal-shaft  disc  machine  is  a  recent  de- 
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velopment  in  crushing  practice  and  is  giving  excellent  results 
in  breaking  from  4-  to  6-in.  ring  down  to  1-  or  2-in.  ring,  as  a 
preliminary  to  further  reduction  in  stamps,  Chilean  mills,  or 
small  ball  mills.  Undersize  material  should  be  carefully  re- 
moved from  the  feed  of  this  machine,  either  by  impact  screens, 
trommels,  or  inclined  stationary  screens  (not  by  grizzlies). 
Maximum  eflBciency  will  only  be  obtained  by  operating  in  a 
closed  circuit,  returning  the  product  to  the  eliminating  screen. 
These  crushers  unquestionably  have  a  wide  range  of  applica- 
tion, particularly  on  hard,  brittle  ores,  but  are  not  adapted  to 
wet,  sticky  ores  or  those  which  contain  large  pieces  of  tough 
schist  or  gouge. 

As  illustrating  the  range  in  cost  of  coarse  crushing  in  the 
average  cyanide  plant,  may  be  taken  the  figures  from  the  1914 
Annual  Reports  of  the  four  following  companies,  which  are 
representative  of  modem  American  practice: 

Groldfield  Consolidatecl,  Nev.,  crushing  and  conveying $0,046 

Belmont  Milling  Company,  Nev.,  *  *  **  **  0.068 

Commonwealth  Mine,  Arizona,      '*         '*  '*  0.079 

HoUinger  Gold  Mines,  Porcupine,  * '         ''  *  *         0.113 

FINE  CRUSHING  OR  COARSE  GRINDING. 

Either  of  the  above  designations  may  be  taken  to  cover 
the  reduction  of  an  ore  from  approximately  1%-  or  2-in.  ring  to 
0.25-in.  aperture,  depending  upon  whether  the  energy  is  applied 
by  impact  or  attrition,  or  by  both. 

The  Gravity  Stamp,  crushing  by  impact,  is  probably  used 
in  95%  of  the  cyanide  plants  throughout  the  world.  Much  has 
been  written  and  more  has  been  said  of  the  faults  of  this  ma- 
chine; in  particular,  the  high  installation  cost,  especially  in 
foundations  and  bin  construction,  the  low  power  eflSciency,  and 
last  but  by  no  means  least,  the  excessive  noise.  And  most  op- 
erators will  testify  that  its  sins  have  not  been  exaggerated. 
But  in  spite  of  all  this  it  has  also  some  most  excellent  virtues, 
inasmuch  as  it  will  crush  any  kind  of  ore  from  clay  to  chert 
and  can  be  adapted  to  any  size  unit  construction.  Also  men 
skilled  in  the  operation  of  stamps  may  be  found  in  every  mining 
district  of  the  world,  although  even  this  point  is  not  vital,  since 
the  machine  is  so  nearly  fool-proof. 
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There  is,  however,  at  the  present  time,  a  decided  tendency 
in  American  and  Canadian  practice  to  supplant  the  stamp  with 
the  newer  types  of  ball  mills,  and  it  is  the  authors'  belief  that 
in  the  future,  few,  if  any,  new  stamp  mills  will  be  built  on  the 
American  continent.  Whether  this  development  will  extend 
to  other  countries  remains  to  be  seen,  but  such  would  appear 
to  be  the  logical  outcome  of  the  excellent  results  now  being 
obtained. 

The  practice  of  crushing  with  stamps  to  a  finished  product 
for  cyanide  treatment  has  now  become  obsolete,  except  in  a 
very  few  instances.  Even  the  strongest  adherents  to  stamps 
now  admit  that  the  final  reduction  should  be  made  in  some  type 
of  attrition  mill,  irrespective  of  the  ultimate  fineness  desired. 

Excepting  only  the  increase  in  weight  and  the  strengthen- 
ing of  individual  parts  to  meet  this  increase,  the  gravity  stamp 
as  built  today  differs  little  from  the  California  practice  of 
thirty  years  ago.  Concrete  mortar  blocks  have  replaced  the 
former  timber  pile  foundations,  and  the  battery  framing  is,  of 
necessity,  much  heavier  and  stiffer  to  stand  the  excessive  vibra- 
tion of  a  falling  weight  varying  from  1250  to  2000  lbs. 

The  economic  limit  of  battery  screen  aperture  in  modem 
plants  is  now  considered  to  range  from  0.15  to  0.4  in.  This 
statement  will  apply  either  to  the  so-called  ** all-slime  practice" 
[70%  or  more  through  200  mesh,  (0.0029  in.)  ]  in  America  and 
Mexico,  or  to  the  comparatively  coarse  grinding  [95%  through 
65  mesh,  (0.0082  in.)  ]  obtained  upon  the  Band. 

Stamp-mill  practice  has  reached  its  highest  development 
in  the  Transvaal,  and  this  is  a  logical  result,  when  one  con- 
siders the  magnitude  of  operations  within  the  limited  area  and 
the  keen  rivalry  existing  between  the  men  in  charge  of  the 
operations  of  the  various  groups.  Also  the  assured  life  of  the 
plants  amply  justifies  large  capital  expenditures  to  obtain  low 
operating  and  maintenance  charges.  Since  the  introduction  of 
the  tube  mill,  stamps  have  increased  in  weight  up  to  2000  lbs. 
each,  but  at  this  point  the  economic  limit  seems  certainly  to 
have  been  reached,  and  many  prominent  metallurgists  hold  to 
the  view  that,  all  things  considered,  the  practical  limit  for  a 
five-stam-  >ut  1600  lbs.  falling  weight. 

e  carried  out  in  one  of  the 
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Rand  plants  to  compare  the  work  of  the  standard  five-stamp 
battery  and  the  Nissen,  or  single-unit  stamp.  These  trials  are 
said  to  have  shown  one-third  greater  capacity  per  pound  of 
falling  weight,  and  an  equal  gain  in  efficiency,  in  favor  of  the 
single-unit  type.  It  is,  however,  significant  that  of  the  six  new 
plants  built  on  the  Rand  since  these  trials  were  made,  only  one 
proposes  to  make  use  of  the  new  type. 

The  cost  of  stamp  milling  on  the  Rand  naturally  varies 
between  wide  limits,  depending  chiefly  upon  the  tonnage 
crushed  and  upon  the  ratio  of  stamps  to  tube  mills.  In  the 
modern  plants,  the  total  charge  against  stamp  milling  does  not 
exceed  20c.  per  ton  crushed,  and  the  mills  built  within  the  last 
year  are  probably  even  a  little  under  this  figure,  a  truly  re- 
markable result  when  one  considers  that  the  Rand  banket  is 
probably  the  hardest  gold  ore  milled  anywhere  in  the  world. 
The  average  cost  is,  of  course,  above  these  figures,  being,  in 
1913,  29.3  cents  for  thirty  of  the  larger  plants. 

The  following  table  gives  the  essential  data  of  American 
stamp-milling  practice,  under  widely  varying  conditions,  both 
in  the  nature  of  the  ore  handled  and  the  tonnage  milled : 


Table  I.    Stamp  Milling  Data. 
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FINE  GRINDING. 


The  use  of  tube  mills  for  final  grinding  to  a  finished  prod- 
uct has  now  become  almost  universal  in  modem  plants, 
whether  for  combined  sand  leaching  and  slime  treatment,  or 
for  all-slime  practice. 
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The  classification  or  elimination  of  the  finished  products 
from  the  tube-mill  feed  has  received  particular  attention  and  is 
recognized  as  vital  for  maximum  efficiency.  Cone  classifiers, 
provided  with  diaphragms  a  few  inches  above  the  apex,  are 
preferred  where  coarse  grinding — ^say  all  to  pass  65  mesh 
(0.0082  in.) — is  employed.  This  classifier  has  been  developed 
on  the  Rand,  and  is  universally  used  there  with  most  excellent 
results. 

In  America,  the  general  practice  is  to  use  mechanical  drag 
classifiers  of  the  Dorr,  Akins,  Esperanza  or  Ovoca  types ;  with 
the  closed  circuit  generally  used,  the  tube  mills  discharge 
directly  into  the  mechanical  classifier,  which  not  only  effects 
the  classification,  but  also  elevates  the  oversize  back  to  the 
tube-mill  scoop  feed. 

The  efficiency  of  a  closed  circuit  in  tube-mill  grinding 
has  been  recently  questioned  in  the  technical  press,  but 
this  contention  is  not  borne  out  in  practice;  for  not  only 
is  the  principle  almost  universally  used  in  tube  milling, 
but  it  is  also  extending  to  other  grinding  and  crushing 
machines — ^notably  ball  mills,  rolls,  disc  crushers,  and  even 
cone  crushers. 

Until  quite  recently,  38  to  40%  moisture  has  been  gen- 
erally accepted  as  correct  for  the  tube-mill  feed,  and  this  is 
probably  true  in  so  far  as  it  applies  to  tube  mills  discharging 
within  6  in.  of  the  central  axis.  With  the  introduction  of 
peripheral-discharge  mills,  however,  much  higher  moistures  will 
undoubtedly  be  found  advisable,  particularly  for  coarse  grinding. 

The  theory  of  this  new  discharge,  together  with  the  com- 
panion problems  of  speed  and  moisture,  are  thoughtfully  dis- 
cussed in  a  recent  paper  by  Mr.  H.  A.  White — ^Bibliography 
(3), — and  a  careful  study  of  his  conclusions  is  recommended 
to  those  interested  in  the  economics  of  tube  milling.  In  par- 
ticular, his  proposal  to  operate  the  tubes  at  sufficient  speed  to 
maintain  an  automatically  renewed  lining  of  pebbles,  brings 
up  a  most  interesting  line  of  thought,  especially  since  the 
diameters  of  tube  mills  have  already  been  increased  to  8  and 
10  ft.  in  American  practice,  thus  approaching  the  required 
peripheral  speed  to  accomplish  this  result. 
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The  proportion  of  tube-mill  capacity  to  stamp  capacity 
has  ^adually  increased,  until  some  of  the  new  mills  have  as 
high  as  4  cu.  ft.  of  grinding  volume  for  each  100  lbs.  of  running 
stamp  weight.  There  is  practically  unanimous  agreement  that 
crushing  and  grinding  costs  have  decreased  substantially  as 
more  work  has  been  thrown  upon  the  tube  mill,  and  a  careful 
study  of  recent  ball-mill  practice  leads  the  authors  to  conclude 
that  some  form  of  tube  mill,  or  probably  two  mills  in  series, 
will  ultimately  eliminate  the  stamp. 

The  increasing  difBculties  experienced  in  obtaining  satis- 
factory flint  pebbles  for  grinding  purposes  have  led  to  many  inde- 
pendent investigations  of  the  possibilities  of  steel  or  iron  balls 
as  substitutes.  Hollow  cast  balls  have  been  suggested  and 
would  seem  to  be  logical  for  fine  grinding,  if  practical  to  cast. 
Special  polyhedron  shapes  are  also  being  tried,  with  a  view  to 
reducing  the  interstitial  spaces. 

At  one  large  mill  in  Northern  Ontario,  solid  cast-steel  balls 
up  to  1%  in.  diameter  are  being  tried  on  a  working  scale,  and, 
from  results  so  far  obtained,  give  promise  of  increasing  capa- 
city considerably  in  excess  of  the  corresponding  increase  in 
power  consumption,  the  latter  being  approximately  30  to  40%. 
It  may  be  noted  here  that  finely  disseminated  iron  is  no  longer 
considered  a  serious  detriment  in  cyanide  treatment,  and  in 
any  case,  automatic  electro-magnets  will  effectually  remove  the 
greater  portion,  if  desired. 

Another  departure  from  standard  tube-mill  practice  is  the 
Marathon,  or  rod-mill.  Iron  or  steel  rods,  from  1  in.  to  2  in.  in 
diameter,  are  substituted  for  the  usual  balls  or  pebbles,  thus 
materially  reducing  the  interstitial  space  and  insuring  a  much 
more  positive  grinding.  At  a  plant  in  Arizona,  where  this  mill 
has  been  run  parallel  with  Chileans  and  cone-end  tube  mills, 
the  results  so  far  obtained  indicate  the  possibility  of  valuable 
results  from  the  further  development  of  this  principle. 

Tube-milling  costs  on  the  Rand  have,  naturally,  increased 
in  the  newer  plants  in  proportion  to  the  altered  stamp-tube  mill 
ratio,  but  on  the  other  hand,  stamping  costs  in  the  same  plants 
have  decreased,  the  result  being  a  net  gain.  Thus,  newer  plants 
show  stamping  and  tube-milling  costs  to  be  almost  equal,  i.  e., 
from  18  to  20  cents  per  ton  milled,  or  a  total  of  from  36  to  40 
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cents;  whereas  average  figures  from  some  thirty  plants  show 
stamping  at  29.3  cents  and  tube  milling  at  13.0  cents,  a  total 
of  42.3  cents.  And  even  more  important  than  this  reduction 
in  cost  is  the  finer  grinding— [5%  +  65  mesh  (0.0082  in.)  and 
60% — 200  mesh  (0.0029  in.)  ] — and,  therefore,  higher  extrac- 
tion obtained  under  the  new  conditions. 

The  following  table  gives  the  essential  data  of  tube-mill 
operation  in  various  plants  in  America: 

Table  H.    Tnbe-MiUing  Data. 
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STAMPS,  CHILEAN  MILLS  AND  TUBE  MILLS. 

This  system  of  stage  crushing  and  grinding  is  used  at  the 
Goldfield  Consolidated  mill  in  Nevada,  and  while  the  practice 
is  almost  unique,  the  excellent  costs  obtained  are  worthy  of 
careful  study.  The  equipment  consists  of  one  hundred  1050-lb. 
stamps  with  4-mesh  (0.18  in.)  screens,  six  6-ft.  Chilean  mills 
with  30-mesh  (0.012  in.)  screens  and  six  5  ft.  x  22  ft.  tube 
mills.  On  a  basis  of  850-tons  daily  capacity,  the  following 
figures  are  obtained: 

Cost  Per  Ton  MiUed. 

Stamps  Chilean  Mills  Tube  Mills 

Labor    $0,039  $0,018  $0,014 

Supplies    0.041  0.041  0.065 

Power  (232  hp.) 0.054       (210   hp.)     0.047       (357    hp.)     0.087 

$0,134  $0,106  $0,166 
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Power  consumed  by  stamps,  Chilean 

mills  and  tube  mills 22.5  hp.  hours  per  ton  milled 

Total    combined    cost    for    stamps, 

Chilean  mills  and  tube  mills $0,406  per  ton  milled 

Sizing. 

Stamp  Discharge  Chilean  Discharge  Final  Pulp 

+30 50.0%  -f  30 4.0%         +100 2.6% 

+100 23.0%         +100 25.0%,         +150 8.1% 

+200 7.0%         +200 12.0%         +200 9.2% 

—200 20.0%         —200 49.0%         —200 80.1% 

CHILEAN  MILLS. 

The  use  of  Chilean  mills  following  coarse-  or  medium- 
crushing  rolls,  to  produce  a  final  product  where  fine  grinding 
is  not  required,  while  being  far  from  general  practice,  never- 
theless, is  productive  in  some  instances  of  most  excellent  re- 
sults. The  following  data  furnished  by  Mr.  Crowe  of  the 
Portland  Gold  Mining  Company  will  demonstrate  this. 

The  ore  crushed  is  of  average  hardness  and  the  mill 
handles  690  tons  per  day.  Coarse  crushing  equipment  con- 
sists of  one  15-in.  x  30-in.  Blake  crusher,  one  36-in.  Symons 
disc  crusher  and  one  set  of  48-in.  x  20-in.  rolls.  Fine  crushing 
is  done  by  five  6-ft.  Akron  Chilean  mills. 
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..     0.7% 
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+IV2"       ''            ''      
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+1"           "            '*      
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+  %"         ''            ''      
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+  %"  square         **      
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...  11.2% 

-y*"      ''         ''    ..... 
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The  Chilean  mills  run  at  from  36  to  41  r.p.m.,  using  from 
2.5  to  3.0  tons  of  water  per  ton  of  ore.  The  Chilean  steel  con- 
sumption per  ton  of  ore  is  0.797  lbs.  gross  and  0.692  lb.  net. 
The  power  consumption  per  ton  of  ore  in  the  coarse-crushing 
department  is  1.86  hp.-hrs.,  and  in  the  Chilean  mills,  13.26  hp.- 
hrs.,  or  a  total  of  15.12  hp.-hrs. 
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The  following  cost  data  cover  the  above  operations: 

Coarse  Crushing    Chilean  Mills  Total 

Power  (at  0.842c  hp.-hr.)..$0.0199  per  ton  $0.1118  per  ton  $0.1317  per  ton 

Labor   (operation)   0.0318  *'    "  0.0179  *'    *'  0.0497  *'    *' 

Labor  (repairs)  0.0103  '*    "  0.0039  *'    **  0.0142  "    " 

Supplies    0.0284  "    '*  0.0482  '*    '*  0.0766  "    " 

Total    $0.0904  "    *'       $0.1818  '*    '*       $0.2722  *'    '* 

BALL   MILLS. 

Kalgoorlie  still  retains  the  practice  of  dry  crushing  with 
ball  mills,  the  two  common  sizes  being  the  No.  5,  7'-6"  dia.  x  3'- 
10"  long  and  the  No.  8,  8'-10"  x  4'-6",  with  screen  areas  of  70 
and  100  sq.  ft.,  speeds  of  25  and  23  r.p.m.,  and  power  consump- 
tion of  25  and  60  hp.  The  capacity  of  the  No.  5  is  approxi- 
mately 40  tons  and  of  the  No.  8,  95  tons  per  day,  the  feed  being 
about  2Y2  ill.  and  the  discharge,  through  28-mesh  (0,020  in.) 
screens,  is  from  40  to  50%  through  200-mesh  (0.0029  in.).  The 
smaller  size  takes  about  one  ton  of  steel  balls,  while  the  larger 
size  takes  about  two  tons.  Steel  consumption  per  ton  milled 
varies  from  0.4  to  0.7  lbs.  Average  total  costs  of  ball  milling 
are  given  as  $0.50  per  ton  milled. 

Wet-crushing  ball  mills,  following  rolls  or  cone  crushers 
set  to  deliver  1-in.  or  l^^-in.  product  and  supplanting  stamps, 
are  now  in  operation  in  three  cyanide  plants  in  Northern  On- 
tario, and  with  most  excellent  results.  Steel  or  white  cast-iron 
balls  are  used  and  the  iron  consumption  is  stated  to  be  from 
0.5  to  0.7  lbs.  per  ton  crushed,  a  figure  which  compares  well 
with  stamps  crushing  through  the  same  range.  A  visitor  to 
one  of  these  plants  cannot  fail  to  be  impressed  by  the  smooth- 
ness of  operation  and  the  lack  of  noise,  but  the  average  mill 
man  will  look  with  disfavor  upon  the  return  of  dry-crushing 
roll  practice. 

However,  there  is  little  doubt  that  this  combination  will 
soon  be  still  further  simplified  by  the  use  of  large-diameter 
wet-crushing  ball  mills,  using  steel  balls  4  to  5  inches  in  diame- 
ter and  reducing  a  3-inch  ring  feed  to  a  point  governed  largely 
by  the  requirements  of  the  subsequent  treatment.  Recent 
tests  with  an  8-ft.  Marcy  ball  mill,  using  %-iixch  discharge  slots. 
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demonstrate  conclusively  that,  operated  in  closed  circuit  upon 
4-inch  ring  maximum  feed,  the  finished  product  may  be  kept 
under  48  mesh  (0.0016  in.)  if  desired. 

These  tests  showed  a  steel  consumption  of  approximately 
0.75  lb.  per  ton  crushed  and  a  power  consumption  of  approxi- 
mately 12  hp.  hours  per  ton.  Where  sand  leaching  is  to  be 
practiced,  this  single-stage  grinding  will  probably  prove  prefer- 
able, but  if  the  total  product  is  to  be  agitated  and  treated  as 
slime,  then  a  ball-mill  product  passing,  say,  0.25  inch  aperture 
and  final  grinding  in  a  standard  tube  mill  would  seem  a  more 
logical  arrangement. 

GRIFFIN  MILLS. 

Originally  used  in  Kalgoorlie  in  competition  with  ball  mills 
for  dry  crushing,  the  Griffin  mill  seems  to  have  been  generally 
superseded  by  the  latter.  The  Griffin  mill  runs  at  200  r.p.m., 
and  with  a  feed  of  30  tons  per  day  of  ll^''  ore  discharged 
through  14  mesh  (0.046  in.)  the  final  product  approximates 
65%  through  200  mesh  (0.0029  in.).  The  power  ranges  from 
20  to  25  hp.  Griffin  mill  costs  run  from  $0.55  to  $0.70  per  ton 
milled. 

GRINDING  PANS. 

Grinding  pans  were  probably  the  strongest  competitors  of 
tube  mills  for  fine  grinding,  although  they  are  now  rarely  in- 
stalled in  new  plants.  Kalgoorlie  has  some  150  pans  in  use, 
following  stamps,  ball  mills  and  Griffin  mills.  Careful  classi- 
fication, or  elimination  of  finished  product  from  the  feed,  is 
generally  lacking  in  pan  grinding,  the  usual  practice  being  to 
feed  the  entire  pulp  from  the  preceding  crushing  machine.  The 
following  data  represent  averages  of  a  number  of  installations 
of  5-ft.  pans  in  Kalgoorlie.  Feed  per  pan  per  day,  23  tons  of 
sand — 54%  through  150  mesh  (0.0041  in.).  Tons  of  through 
150-mesh  material  produced  per  pan  per  day,  5.4.  Power  per 
pan,  7  hp.  at  55  r.p.m.  Cost  with  power  at  3c  per  hp.  hour, 
per  ton  of  feed,  $0.23;  per  ton  of  through  150-mesh  material 
produced,  $0.65. 
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DISCUSSION 

Mr.  Mr.  Clias  Butters,*  Mem.  Am.  Inst.  M.  E.,  stated  that  he  had  recently 

Butters,  investigated  the  possibility  of  substituting  steel  balls  for  the  flint  pebbles 
generally  used  in  tube  mills.  His  opinion  was  that  the  flint  pebbles  would 
be  displaced  by  the  steel  balls,  and  that  with  this  change  there  would  also 
come  the  practice  of  making  the  tube  mills  of  smaller  diameter  and 
driving  them  at  greater  speed.  Theoretical  comparative  costs  which  he 
presented  for  one  of  his  properties  showed  considerable  monetary  saving 
in  favor  of  the  steel  balls.  He  also  said  that  it  is  evident  that  in  out 
of  the  way  places,  where  transportation  is  difficult  the  steel  balls  would 
be  much  easier  to  handle  than  the  bulkier  flint  pebbles. 

Prof.  Prof.  O.  H.  Clevenger,t  Mem.  Am.  Inst.  M.  E.,  said  that  it  seemed 

Clevenger.  to  be  apparent  that  there  would  be  a  saving  in  the  initial  expenditure 

for  a  fine  grinding  plant  when  steel  balls  were  used,  but  that  he  would 

like  to  ask  Mr.  Butters  if  he  thought  that  there  would  be  a  saving  in  the 

cost  per  ton  for  grinding. 

Mr.  Mr.  Batters  replied  that  he  was  inclined  to  think  that,  with  steel 

Butters.  ]^all8,  higher  efficiency  would  be  realized  and  that  the  grinding  costs 
would,  therefore,  be  less. 

Mr.  Mr.  B.  H.  Hamilton.**  Mem.  Am.  Inst.  M.  E.,  called  attention  to  a 

Hamilton,   ^^^g^  -^[ly^  which  he  was  familiar,  where  steel  balls  were  tried  for  crushing 
coal,  and  the  experiment  proved  a  failure. 

Mr.  Mr.  0.  W.  Merrill,t  Mem.  Am.  Inst.  M.  E.,  thought  that  the  difficulty 

Merrill.  ^^  ^jjjg  ^^^^  ^^^^  j^^^^^  1^^^^^  ^^^  ^^  ^j^^  ^^^  ^^  ^^^  small  a  tube,  which  did 

not  permit  sufficient  impact  of  the  balls. 

Mr.  Mr.  Batters  gave  an  account  of  an  experiment  which  he  had  made 

Butters,  ^ith  a  small  mill  16  in.  in  diameter  and  14  ft.  long.  The  efficiency  of 
the  mill  appeared  to  depend  largely  upon  the  amount  of  material  in  the 
mill  at  any  given  time  and  overloading  invariably  produced  unsatisfac- 
tory results. 

Mr.  Mr.  Merrill  asked  Mr.  Butters  if  he  thought   that   the  steel   balls 

Merrill,  would  in  any  way  cause  decomposition  of  the  cyanide  solution. 

Mr.  Mr.  Batters  replied  that  he  thought  the  effect  of  the  steel  balls  on 

Butters,  the  cyanide  solution  would  be  negligible. 

*  Oakland,  Calif, 
t  Stanford  University,  Calif. 
**  Trail,  B.  C,  Canada. 
t  San  Francisco,  Calif. 
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NOTATIONS. 

U.  S.  currency.  Tons  of  2000  lbs.  Assays — troy  ounces 
per  ton.  Cyanide  strength — lbs.  of  100%  KCN  per  ton  of  solu- 
tion. [Protective  alkalinity — lbs.  of  CaO  per  ton  of  solution.] 
Dilution,  or  L/S, — ratio,  by  weight,  of  liquids  to  solids. 

CHEMISTRY. 

Since  the  classical  investigations  of  McLaurin,  in  Australia, 
it  has  been  accepted  that  the  dissolution  of  precious  metals  by 
an  aqueous  solution  of  an  alkali  metal  cyanide  is  essentially  an 
oxidation  process,  and  the  following  so-called  ** Eisner  equa- 
tion" is  generally  considered  as  expressing  the  final  reaction: 

2  Au  +  4  KCN  +  O  +  H,0  =  2  KAu  (CN),  +  2  KOH 

The  inadequacy  of  this  equation  as  a  guide  to  consumption 
of  cyanide  is  at  once  apparent  in  the  treatment  of  complex 
ores,  with  their  various  constituents.  The  equation  calls  for 
1.51  units  of  Au.  or  0.83  units  of  Ag.  per  unit  of  KCN.  With 
many  silver  ores  this  relation  is  closely  approximated,  but  with 
gold  ores  a  consumption  of  20  of  KCN  to  1  of  Au.  is  consid- 
ered satisfactory,  and  40  to  1  is  more  common.  The  earlier  use 
of  the  mixed  potassium  cyanide  salt  (98  to  99%  KCN)  has  been 
quite  generally  supplanted  by  sodium  cyanide  (120  to  129%, 
in  terms  of  KCN).  Subsequent  references  to  cyanide  will  be 
in  terms  of  100%  KCN,  although  sodium  cyanide  is  used. 
General  Considerations  of  Solubility. 

Nearly  all  gold  and  silver  ores  will  yield  to  cyanide  if  the 
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precious  metals  can  be  brought  into  contact  with  the  solvent, 
and  the  too  excessive  destruction  of  the  solvent  by  other  com- 
pounds of  the  ore  be  prevented.  Under  the  physical  aspect  will 
come  such  considerations  as  the  degree  of  pulverization,  amount 
of  metal  surface  exposed,  presence  of  free  gold,  etc. 

Chemical  association  with  other  elements  which  retard  or 
prevent  dissolution  must  be  met  by  special  preparatory  treat- 
ments. The  presence  of  oxygen-absorbing  compounds  demands 
special  aeration  to.  prevent  undue  consumption  of  cyanide  and 
reduction  in  extraction.  Oxidation  or  weathering  of  some  of 
the  sulphide  constituents  produces  various  acids,  or  free  acid 
may  exist  in  the  ore,  and  proper  neutralization  by  lime  is  nec- 
essary. Lime,  furthermore,  tends  to  break  up  certain  metallic 
salts  and  form  harmless  hydrates,  partially  protects  the  sol- 
vent from  cyanicides  found  in  the  ore,  and  is  the  most  common 
means  in  assisting  slime  settlement  by  coagulation.  Cyanicides, 
or  cyanide-destroying  compounds,  must  be  removed  by  con- 
centration or  other  preliminary  treatment,  while  organic  or 
other  substances  tending  to  cause  premature  precipitation  of 
the  precious  metals  must  be  removed,  or  rendered  innocuous. 
Reducing  agents,  such  as  alkaline  sulphides,  frequently  retard 
the  solvent  action  and  may  cause  a  partial  premature  precipi- 
tation of  the  precious  metals.  The  usual  method  of  removing 
such  sulphur,  as  an  insoluble  compound,  is  by  the  addition  of 
readily  soluble  lead  salts,  such  as  litharge  or  acetate  (.5  lb.  per 
ton  of  ore  being  common),  although  the  zinc  used  in  the  pre- 
cipitation plant  acts  in  much  the  same  way.  Numerous  arti- 
ficial oxidizers  have  given  way  to  atmospheric  aeration.  It  is 
to  be  noted  that  successful  electrolytic  aid  in  regeneration  of 
solutions  is  very  rare. 

The  strength  of  the  cyanide  solution  is  kept  as  low  as  con- 
ditions will  allow,  so  as  to  minimize  the  chemical  and  mechani- 
cal loss,  which  may  be  estimated  to  average  %  lb.  for  gold  ores 
and  2  lbs.  for  silver  ores.  For  the  average  gold  ore,  1.5  lb. 
KCN  per  ton  of  solution,  and  for  the  average  silver  ore  4.0  lbs. 
KCN  are  common  solution  strengths.  Dilutions  were  formerly 
kept  at  3  or  4,  but  the  present  trend  is  to  thicker  pulp.  Sand 
leaching  plants  have  contacts  of  four  to  seven  days,  while  the 
contact  for  average  gold  slime  is,  perhaps,  8  hours,  and  for 
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average  silver  slime,  48  hours.  Heating  of  solutions  has  proven 
of  decided  benefit  in  assisting  settlement,  and  with  many  silver 
ores,  dissolution  has  been  increased  an  ounce  or  two  by  a  raise 
in  temperature  of  40  to  60°  F.,  at  an  additional  cost  for  heating 
of  from  10  to  25  cents  per  ton  of  ore. 

ACCESSORY  TREATMENT. 

Amalgamation. 

The  two  extremes  in  the  plate  area  provided  for  amalga- 
mation prior  to  cyanidation  are  represented  by  the  Rand  and 
the  Homestake.  Figures  from  thirteen  Rand  plants,  for  the 
year  1913,  show  the  recovery  by  amalgamation  on  mill  feed, 
approximating  $6.00,  to  be  61.4%,  the  plate  area  ranging  from 
0.25  to  2.0  sq.  ft.  per  ton  milled  per  day,  and  the  mercury  con- 
sumption about  0.1  oz.  per  ton  milled.  The  tendency  on  the 
Rand  has  been  to  eliminate  amalgamation  directly  after  the 
stamps  in  favor  of  amalgamation  after  tubemilling,  and  at  the 
same  time,  reduce  the  plate  area  to  less  than  a  half.  In  no 
case  has  the  reduced  plate  area  caused  serious  decrease  in  re- 
covery by  amalgamation,  some  instances  showing  no  decrease, 
while,  naturally,  there  is  a  decided  saving  in  mercury  loss, 
attendance  and  capital  cost.  On  the  other  hand,  amalgamation 
at  Homestake  is  carried  on  both  inside  and  outside  of  the  stamp 
mortars  and  after  regrinding.  Of  the  total  plate  area  of  ap- 
proximately 11  sq.  ft.  per  ton  milled,  only  1.6%  is  used  after 
regrinding.  In  1914,  on  $4.11  mill  feed,  the  Homestake  recov- 
ery by  amalgamation  at  the  stamps  was  69.0%,  and  after  re- 
grinding, 0.8% ;  the  total  of  69.8%  being  effected  with  a  loss 
of  mercury  of  0.13  ounces  per  ton  milled,  at  a  total  cost  of  2.45 
cents  per  ton  milled. 

Amalgamation,  as  practiced  at  the  average  plant,  costs 
between  5  and  10  cents  per  ton  milled,  the  plate  area  approxi- 
mating 2  sq.  ft.  per  ton  milled.  The  recent  trend  has  been  to 
relegate  to  this  step  the  recovery  of  such  coarse  gold  as  may 
greatly  retard,  or  entirely  escape,  subsequent  cyanide  treat- 
ment. With  amalgamation,  crushing  is  nearly  always  done  in 
water,  although  a  few  plants  have  been  able  to  maintain  their 
plates  in  fair  condition  when  crushing  in  cyanide  solution.  The 
extremely  low  cost  of  recovering  gold  by  amalgamation  de- 
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mands  that  this  step  be  given  weighty  consideration.  An  un- 
usual method  of  amalgamation  at  the  Nipissing  H.  6.  mill  is 
to  be  noted.  A  charge  of  3  tons  of  2500-oz.  silver  ore  (contain- 
ing 39%  arsenic,  9%  cobalt,  6%  nickel),  4  tons  of  mercury  and 
1.5  tons  of  5%  KCN  solution  is  tubemilled,  with  compressed 
air  fed  into  the  tube,  for  some  10  hours,  at  the  end  of  which 
period  amalgamation  has  recovered  some  97%  of  the  silver,  the 
residues  freed  from  amalgam  and  mercury  then  going  to  the 
cyanide  plant.  The  mercury  consumption  is  20  lbs.  per  ton 
of  ore. 
Concentration. 

Three  general  methods  of  concentration  are  practiced:  (a) 
removal  of  high  grade  concentrates  for  shipment  to  smelters; 
(b)  removal  of  lower  grade  concentrates  for  local  treatment 
by  cyanidation,  or  amalgamation  or  roasting  followed  by  cyani- 
dation;  (c)  removal  of  concentrates  for  finer  grinding  and  re- 
turning to  the  regular  plant  pulp.  A  very  complete  concen- 
tration system,  on  a  complex  ore,  is  carried  out  by  the  Gold- 
field  Consolidated,  where  approximately  6%  by  weight  and 
67%  by  value  of  the  feed  is  removed  at  a  cost  for  concentra- 
tion of  6  cents  per  ton  of  ore  concentrated,  the  concentrates 
then  receiving  a  very  successful  local  treatment.  On  the  26-oz. 
silver  ore  of  the  San  Rafael  (Pachuca),  1^/4%  by  weight  and 
22%  by  value  is  taken  out  as  concentrate,  to  be  shipped  to 
smelter.  On  the  high  grade  Esperanza  (El  Oro)  sulphide  ores, 
concentration  removed  1.2%  by  weight,  with  35%  of  the  Au. 
and  16%  of  the  Ag.  Tonopah  concentration  removes  approxi- 
mately 15%  of  the  Ag. ;  Stratton's  Independence  removes 
approximately  44%  of  the  Au. ;  Liberty  Bell,  8%  Au.  and 
20%  Ag. 

The  cost  of  concentration,  per  ton  of  ore  concentrated, 
ranges  from  5  to  15  cents — averaging  perhaps  10  cents  per  ton. 
The  apparent  saving  in  the  removal  of  refractory  values  and 
cyanicides  by  concentration,  as  reflected  by  decreased  cyanide 
consumption  and  solution  contact  and  lower  assay  value  of 
final  plant  residue,  must  be  carefully  balanced  against  the 
higher  cost  of  realization  and  loss  in  shipment  of  concentrates. 

Local  treatment  of  concentrates  has  engaged  considerable 
attention  and  the  following  plants  are  cited: 
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Treatment. 

A.  Raw  concentrates  agitated  in  2  lbs.  KCN  solution  for 
five  8-hour  periods,  decanting  after  each  period;  after  filter- 
pressing,  concentrates  roasted  in  2  Edwards  duplex  54-spindle 
furnaces.  Roasted  concentrates  agitated  8  hours  in  HgSO^ 
solution  (20  lbs.  acid  per  ton  of  concentrates).  After  four 
water  washes,  charge  is  neutralized  and  agitated  in  2  lbs.  KCN 
for  five  8-hour  periods,  decanting  after  each.  Then  charge  is 
tubemilled  for  16  hours  and  sent  to  regular  plant  filter;  3  lbs. 
lead  acetate  per  ton  of  concentrates.  (J.  W.  Hutchinson,  Min. 
and  Scientific  Press,  January  25;  February  1,  1913.) 

B,  Clean  and  docile  pyritic  concentrate,  ground  through 
200  mesh;  agitated  in  1.5  lbs.  KCN  for  8  hours;  decanted;  agi- 
tated for  4  hours  with  barren  solution;  filterpressed  and  pre- 
cipitated by  zinc  dust.  (1911  Mine  Report,  Min.  and  Scientific 
Press,  June  29,  1912.) 

0.  Tubemilled  in  1.0  lb.  KCN  solution;  agitated  in  6  lbs. 
KCN  for  10  to  14  days,  with  two  decantations ;  filterpressed  and 
precipitated  by  zinc  dust ;  2  lbs.  lead  acetate  and  1  lb.  mercuric 
chloride  per  ton  of  concentrate*^. 

D.  Tubemilled  and  agitated  in  3  lbs.  KCN  solution  for  8 
to  10  days.  (E.  G.  Banks,  Min.  and  Scientific  Press,  January 
21,  1911.) 
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E.  Mill  scrap  and  black  sands.  After  amalgamation,  the 
concentrate  pulp  for  cyanidation  (98% — ^200  mesh)  assays  16.0 
oz.  An.    (B.  Lindsay,  J.  C.  M.  &  M.  So.,  S.  A.) 

F,  All  sliming  in  tubemill  with  KCN,  then  48  hours'  com- 
bined air  agitation  and  leaching,  followed  by  filterpressing.  (A. 
E.  Drucker,  Min.  and  Scientific  Press,  March  19,  1910.) 

Aeration. 

Oxygen  absorbing  compounds,  such  as  pyrrhotite,  horn- 
blende, etc.,  not  only  cause  an  increased  cyanide  consumption, 
but  frequently  reduce  the  extraction  of  the  gold  by  robbing 
the  solution  of  its  oxygen.  Suitable  oxidation  of  the  pulp, 
prior  to  the  application  of  cyanide  solution,  by  forcing  com- 
pressed air  through  the  charge,  renders  many  of  these  oxide 
consuming  compounds  harmless. 

Boasting. 

In  the  treatment  of  ore  in  which  the  gold  is  intimately 
associated,  either  physically  or  chemically,  with  such  telluride 
compounds  as  sylvanite  or  calaverite,  or  with  arsenical  or 
antimony  compounds,  preliminary  roasting  is  frequently  the 
only  known  recourse.  The  practical  object  of  the  roast  is  lo 
so  liberate  the  gold  as  to  permit  ample  contact  with  the  cyanide 
solution  and  destroy  deoxidizers  and  cyanicides.  (A  ''dead" 
or  ** sweet''  roast  is  usually  essential.)  The  most  extensive 
application  of  roasting  is  at  Kalgoorlie,  though  some  Cripple 
Creek  ores  receive  this  preliminary  treatment,  as  do  the  graph- 
itic ores  of  the  Ashanti  Goldfields.  In  the  treatment  of  re- 
bellious concentrates  by  cyanide,  roasting  plays  an  important 
part  at  the  Goldfield,  Nevada,  plant.  The  usual  furnaces  are 
the  Edwards,  Merton,  Pearce  and  Holthoff. 

On  the  telluride  ores  of  Kalgoorlie,  crushed  through  ap- 
proximately 28  mesh  (0.0232''  aperture),  roasting  with  Ed- 
wards and  Merton  furnaces  costs  approximately  65  cents  per 
ton  of  ore.  The  sulphur  content  of  the  raw  ores  varies  from 
3  to  6%,  although  the  elimination  of  the  sulphur  affords  only 
a  rough  indication  of  the  success  of  the  roast.  The  hearth 
area,  per  ton  of  ore  roasted  per  day,  varies  from  17  to  29  sq.  ft. 
Consumption  of  wood  varies  from  10  to  13%  of  the  weight  of 
the  ore.    The  temperature  is  approximately  650°  F.    Boasting 
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of  Cripple  Creek  telluride  ores  at  the  Portland  mill  is  done  in 
one  Holthoff  and  three  Pearce  furnaces,  the  daily  tonnage  be- 
ing approximately  375.  Costs  per  ton  of  ore  roasted  are  as 
follows:  Labor,  operation,  11.02  cents  per  ton;  labor,  repair, 
2.70  cents;  coal,  31.55  cents;  steam,  8.33  cents;  power,  2.65 
cents;  miscellaneous  supplies,  oils,  belting,  water,  lights,  etc., 
6.60  cents ;  total,  62.85  -cents  per  ton. 

Roasting  of  concentrates  at  the  Goldfield  Consolidated  is 
done  in  two  54-spindle  duplex  Edwards  furnaces,  each  having 
1456  sq.  ft.  hearth  area.  The  capacity  of  each  furnace  is  given 
by  J.  W.  Hutchinson  as  40  tons  of  concentrates  per  day,  al- 
though the  amount  roasted  in  the  two  furnaces  is  approxi- 
mately 55  tons  per  day.  The  raw  concentrates,  after  a  pre- 
liminary cyanide  treatment,  assay  1.23  oz.  Au.  and  18.76%  S, 
the  sulphur,  after  roasting,  being  reduced  to  0.90%.  The  cost 
of  roasting,  per  ton  of  concentrate,  is  $0.82 ;  while  the  com- 
plete cost  of  the  two  furnaces,  dust  flues,  stack,  65'xl58'  steel 
building  and  miscellaneous  bins  and  machinery  amounted  to 
$70,459.16.  The  concentrate  loses  17%  of  its  weight  in  roast- 
ing; and  of  the  l^^%  of  the  material  passing  out  of  the  furnace 
as  dust,  only  i/^%  is  lost  out  of  the  stack.  Five  Merton  furnaces 
for  the  roasting  of  120  tons  per  day  of  Kalgoorlie  sulpho-tellu- 
ride  ore  cost  $38,900.00.  (M.  W.  Von  Bernewitz,  Mining  and 
Scientific  Press,  April  11,  1914.) 

Among  the  recent  developments,  mention  should  be  made 
of  the  Holt  Dern  furnace  used  for  a  chloridizing  roast.  (P. 
Sommer  Schmidt,  Mining  and  Scientific;  Press,  August  29, 
1914.)  On  a  daily  tonnage  of  150  tons,  the  costs  are  given  as 
follows:  Labor,  5.4  cents;  power,  4.5  cents;  repair,  2.0  cents; 
coal  dust,  4.6  cents;  salt,  35.0  cents;  total,  51.5  cents  per  ton 
roasted. 
Bromo  Cyanidation. 

With  the  object  of  dispensing  with  the  roasting  of  telluride 
ores,  bromo  cyanide  has  been  applied  at  several  Kalgoorlie 
plants  and  at  the  Stratton's  Independence,  Cripple  Creek. 
After  a  few  hours'  agitation  with  KCN,  mixed  potassium  bro- 
mide and  bromate  salts,  KCN  and  H2SO4  are  added  to  the 
charge  and  agitation  continued  4  to  20  hours.  The  consumption 
of  the  mixed  salt  is  approximately  0.5  lb.  per  ton  of  ore. 
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Wet  Desulphurizing. 

At  the  Nipissing  low-grade  240  ton  mill,  a  complex  arsenic 
antimony  silver  ore,  carrying  26.0  ozs.  Ag.,  is  crushed  and  tube- 
milled  in  a  0.25%  NaOH  solution,  and  the  thickened  pulp  is 
sent  to  the  desulphurizing  department,  where  it  is  tubemilled 
with  aluminum  ingots  and  agitated  for  24  hours  in  mechanical 
stirrers  lined  with  aluminum  sheets. 

After  the  filtration  of  the  caustic  soda,  the  pulp  is  agitated 
in  a  5  lb.  KCN  solution  for  48  to  60  hours.  The  cost  of  de- 
sulphurizing amounts  to  48.0  cents  per  ton.  The  consumption 
of  aluminum  ingots  and  plates  amounts  to  V^  lbs.  per  ton  of 
ore.     (J.  Johnston,  A.  I.  M.  E.,  Vol.  XLVIII,  1914.) 

MAIN  TREATMENT. 

In  the  order  of  their  prevalence,  the  standard  systems  of 
dissolution  by  cyanide  may  be  classified  as  ** slime  agitation", 
**sand  leaching",  and  ** filter  slime  treatment".  No  widely 
accepted  definition  of  **sand"  and  ** slime"  is  in  force.  Prac- 
tically, **sand"  is  the  portion  of  the  pulp  treated  by  percola- 
tion, while  the  balance  is  considered  *' slime",  and  is  treated  by 
agitation  or  by  pressure  filtration.  With  the  important  ex- 
ceptions of  the  large  low-grade  mines,  such  as  the  Rand  and 
Homestake,  the  earlier  practice  of  comparatively  coarse  grind- 
ing and  treating  sand  and  slime  separately  has  largely  given 
way  to  the  present  practice  of  finer  grinding  and  treating  the 
entire  pulp  as  a  single  product,  on  the  smaller  properties.  **A11 
sliming"  is  the  term  applied  to  the  latter  system.  With  sepa- 
rate sand  and  slime  treatment,  the  slime  is  usually  cone  classi- 
fied and  averages  about  90%  thru  200  mesh  (0.0029").  In 
all-sliming  plants,  the  pulp  varies  from  60  to  90%,  through 
200  mesh,  depending  on  the  economical  limit  of  fine  grinding 
and  subsequent  treatment.  In  sand  and  slime  plants,  crushing 
is  almost  universally  done  in  water,  while  with  all-sliming, 
crushing  in  cyanide  solution  is  almost  universal. 

SLIME  AGITATION. 

Thickening. 

Pulp  from  the  grinding  plant  is  received  at  dilutions 
ranging  from  3.0  to  14.0  to  1,  a  common  figure  being  6.0  to  1. 
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To  reduce  the  initial  cost,  expense  and  difficulty  with  the  agi- 
tation and  subsequent  equipment,  the  mill  pulp  is  thickened 
to  a  dilution  approximating  1.5;  although  under  special  con- 
ditions the  dilution  is  as  low  as  0.5,  with  unusually  quick 
settling  granular  slime,  and  as  high  as  3.0  with  poor  settling, 
flocculent  or  amorphous  slime.  This  thickening  is,  in  some 
cases,  done  with  filters,  cones,  spitzkasten,  or  decanting  tanks, 
although  modern  practice  distinctly  favors  the  Dorr  continuous 
mechanical  thickener. 

Dorr  Continuous  Mechanical  Thickener. 

Naturally,  there  is  no  standard  size  recommended  or  used, 
as  this  depends  on  the  capacity  desired,  settling  qualities  of  the 
pulp,  density  to  which  thickening  is  to  be  carried,  -clearness 
of  overflow,  alkalinity,  temperature,  and  dilution  of  the  feed. 
As  a  general  rule,  it  may  be  stated  that  approximately  6  sq.  ft. 
of  tank  area  are  needed  per  ton  of  granular  slime  per  24  hours, 
while  10  to  15  sq.  ft.  should  be  allowed  for  flocculent  slime. 
The  writer  finds  that  several  installations  in  different  locali- 
ties show  an  average  of  $2,500.00  for  the  complete  erected  cost 
of  a  standard,  steel,  30'xl2'  unit.  In  terms  of  tonnage  of  dry 
slime  handled  per  24  hours,  the  capacity  of  a  30^x12'  standard 
thickener,  under  normal  conditions,  may  be  given  as  125  tons  of 
granular  slime  and  65  tons  of  flocculent  slime,  making  the 
erected  cost  of  the  thickener  $20.00  and  $38.46,  respectively, 
per  ton  of  daily  capacity. 

While  the  present  trend  is  toward  shallow  tanks,  of  5'  or 
6'  depth,  as  shown  in  the  use  of  the  submerged  type  of  tray 
thickener,  the  former  practice  of  deep  tanks  is  of  no  mean 
value,  in  that  it  affords  considerable  storage  space.  However, 
the  tray  thickener  offers  a  quick  and  cheap  means  of  increasing 
the  capacity  of  an  existing  installation  of  standard  thickeners. 
In  a  general  way,  the  addition  of  a  tray  may  quite  safely  be 
expected  to  show  a  75%  increase  in  capacity  over  a  standard 
thickener.  The  power  requirement  of  a  30'xl2'  standard  unit 
run  at  1/5  r.p.m.  is  about  l^  hp.,  the  cost  of  operation  approxi- 
mating 1  cent  per  ton  of  ore. 
Agitation. 

The  matter  of  proper  dilution  at  which  pulp  should  be 
agitated  is  one  demanding  careful  consideration  for  each  in- 
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dividual  plant.  Experimental  work  points  to  high  dilutions, 
but  practical  considerations  generally  necessitate  as  thick  a 
pulp  as  can  be  regularly  drawn  from  the  thickeners.  A  dilu- 
tion of  1.5  is,  perhaps,  an  average.  Inasmuch  as  the  cost  of 
agitating  a  ton  of  slime  for  24  hours  should  not  exceed  3  cents, 
it  is  evident  that  the  agitation  period,  to  be  commensurate  with 
this  low  cost,  should  be  well  advanced  toward  the  point  where 
further  dissolution  ceases.  In  determining  the  proper  length 
of  agitation,  such  items  as  capital  charge  on  the  agitators  and 
accessories,  consumption  of  cyanide,  lime  and  other  chemicals, 
possible  premature  precipitation  of  dissolved  metals  in  pro- 
longed agitation,  and  the  mechanical  cost  of  agitating,  should 
be  carefully  balanced  against  the  net  returns  from  the  metals 
dissolved.  Then,  too,  the  possibility  of  decreasing  the  fineness 
of  grinding  by  prolonging  the  agitation  should  be  examined. 

The  modern  trend  is  in  favor  of  continuous  agitation,  as 
compared  with  the  former  intermittent  system.  Change  of 
solution  during  agitation  is  found  advisable  with  certain  ores; 
although  with  present  day  agitators,  capable  of  giving  ample 
aeration,  the  entire  agitation  step  is  frequently  carried  out  in 
one  stage. 

The  four  types  of  agitators  in  present  day  use  may  be 
classified  as:  (1)  mechanical,  (2)  pneumatic,  (3)  combined 
moohanical  and  pneumatic,  (4)  pump  transfer.  Limited  space 
allows  mention  of  only  those  most  commonly  used. 

The  pump  transfer  system  is  in  extensive  use  on  the  quick 
settling  and  readily  soluble  Rand  slime,  for  which  some  four 
hours  of  circulation  or  agitation  suffice.  This  system  of  agi- 
tation is  seldom  found  elsewhere  and  will  not  be  included  in 
the  following  comparison,  which  is  based  on  practically  identi- 
cal working  conditions. 

Mechanical  Agitator. 

Top-drive  paddle-arm  stirrers  or  agitators  were  used  from 
the  start  of  the  slime  agitation  process,  and,  with  proper  de- 
sign, still  hold  a  fair  place  at  this  day.  The  bottom-drive  agi- 
tator, as  used  in  Kalgoorlie,  Mexico,  and  the  Rand,  eliminates 
the  submerged  step  bearing  of  the  top  drive,  allows  of  a  simpler 
overhead  construction,  and  due  to  the  increased  rigidity  of  the 
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drive,  operates  with  very  moderate  power.  Assuming  a  tank 
30  ft.  diameter  by  12  ft.  deep  as  an  approximate  standard,  a 
satisfactory  agitating  speed  for  the  bottom  drive  type  may  be 
given  as  8  r.p.m.  and  the  power  as  6  hp.  In  addition,  the 
power  for  furnishing  20  cu.  ft.  of  free  air  per  minute  at  10 
lbs.  pressure,  for  requisite  aeration,  amounts  to  1  hp.,  making 
the  total  power  requirement  7  hp.  This  type  of  agitator  works 
quite  satisfactorily,  although  it  is  troublesome  to  start  up  after 
a  protracted  shut-down,  tends  to  bank  up  near  the  center  and 
gives  en  masse  agitation.  Inclined  bafiBe  boards  bolted  to 
the  side  of  the  tank  will  materially  assist  agitation.  An 
average  erected  cost  of  a  30'xl2'  bottom-drive,  steel-tank,  me- 
chanical agitator  may  be  given  as  $2,395.00.  Such  a  tank  will 
have  an  available  depth  of  11  ft.  6  in.,  and,  with  pulp  at  a 
dilution  of  1.5,  will  hold  134  tons  of  dry  slime,  making  the 
total  erected  cost  $17.87  per  ton  of  dry  slime  capacity. 
Pachuca  (or  Brown)  Agitator. 

This  pneumatic  agitator  is,  perhaps,  the  most  widely  used 
in  present  day  practice.  Although  numerous  variations  have 
been  made  in  the  size  and  equipment  of  these  tanks,  the  stan- 
dard is  15  ft.  diameter  by  45  ft.  total  height,  a  60°  cone  form- 
ing the  bottom.  The  central  air-lift  is  15''  or  18"  diameter 
and  extends  to  within  a  few  inches  of  the  top  of  the  tank.  The 
special  sleeve  valves  are  quite  often  dispensed  with.  A  spare 
air  hose,  used  at  regular  intervals,  assists  in  preventing  accu- 
mulations on  the  sides  of  the  cone  and  tank.  The  air  consump- 
tion is  varied  to  suit  the  desired  intensity  of  agitation  and  the 
character  of  pulp.  Figures  from  installations  of  the  standard 
size  show  an  air  consumption  ranging  from  50  cu.  ft.  of  free 
air  per  minute,  on  flocculent  slime,  to  125  cu.  ft.  on  quick  set- 
tling granular  slime,  at  pressures  ranging  from  25  lbs.  to  40 
lbs.  Average  figures  indicate  a  consumption  of  70  cu.  ft.  of 
free  air  per  minute  at  30  lbs.  pressure,  requiring  approximately 
7.0  hp.  The  total  erected  cost  of  a  15  ft.  x  45  ft.  steel  Pachuca 
agitator  will  average  $1,935.00.  With  an  available  depth  of 
44  ft.  and  with  pulp  at  a  dilution  of  1.5,  this  tank  will  hold  102 
tons  of  dry  slime,  making  the  total  erected  cost  $18.97  per  ton 
of  dry-slime  capacity. 
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Dorr  Agitator. 

This  comparatively  new  type  of  agitator,  combining  me- 
chanical and  pneumatic  agitation,  has  met  with  merited  suc- 
cess. It  is  usually  operated  at  3  r.p.m.,  the  speed  depending, 
of  course,  on  the  character  of  the  pulp.  Under  average  condi- 
tions, a  30  ft.  X  12  ft.  Dorr  agitator  will  require  about  1.5  hp. 
for  moving  the  arms,  at  3  r.p.m.,  and  2.5  hp.  for  furnishing  30 
cu.  ft.  of  free  air  per  minute  at  20  lbs.  pressure,  a  total  of  4  hp. 
The  total  erected  cost  of  such  an  agitator  with  steel  tank  will 
approximate  $2,510.00.  With  an  available  depth  of  11  ft.  6  in. 
and  with  pulp  at  a  dilution  of  1.5,  this  agitator  will  hold  134 
tons  of  dry  slime,  making  the  total  erected  cost  $18.73  per  ton 
of  dry  slime  capacity. 

Capital  Costs  of  Slime  Plants. 

It  may  be  of  value  to  cite  approximate  figures  from  Rand 
practice,  where  the  intermittent  decantation  and  pump  trans- 
fer type  of  plant  has  reached  such  high  development.  Data 
given  in  **Rand  Metallurgical  Practice'',  Vol.  II,  show  the  total 
approximate  capital  costs  of  slime  plants,  in  dollars  per  ton 
of  slime  treated  per  24  hours  as  follows:  150  to  225  tons, 
$292.00 ;  300  to  450  tons,  $276.00 ;  600  to  900  tons,  $260.00 ;  1200 
to  1800  tons,  $243.00.  Such  slime  plants  provide  for  collecting 
and  two  washes,  two  days  being  available  for  collecting  and 
treatment,  and  include  complete  pulp,  solution,  decanting  and 
water  services,  together  with  solution  clarifiers,  but  exclude 
precipitation,  refining  and  power  plants.  It  must  be  noted  that 
Rand  plants  require  very  little  expenditure  for  buildings. 
Cost  of  Dissolution  by  SUme  Agitation. 

Costs  of  dissolution  may  be  of  some  interest,  although  it 
nuist  be  remembered  that  such  costs  depend  on  numerous 
widely  varying  conditions,  such  as  character  and  grade  of  ore, 
cost  of  labor,  power  and  supplies,  amount  of  extraction  effected 
prior  to  agitation,  arrangement  and  capacity  of  the  plant,  and 
the  recovery  percentage  achieved.  Furthermore,  such  acces- 
sory stops  in  the  cyanide  process  as  fine  grinding,  filtration  or 
decantation,  precipitation,  melting  and  refining,  will  depend 
on  the  dissolution  method  in  use  and,  hence,  should  be  taken 
into  account  in  comparing  **slime  agitation"  with  **sand  leach- 
ing'* or  ** filter  treatment'*.    Then,  too,  the  higher  percentage 
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of  dissolution  obtained  by  ** slime  agitation"  must  be  weighed 
against  the  value  of  the  dissolved  metals  and  cyanide  lost  by 
imperfect  filtration  or  decantation.  It  is  to  be  understood  that 
the  following  figures  are  merely  numerical  averages  of  com- 
pilations from  representative  plants  in  various  parts  of  the 
world.  The  cost  of  dissolution  per  ton  of  slime  is  made  up  of 
the  charges  for  thickening,  agitating,  proportionate  pumping, 
supervision,  cyanide,  lime  and  lead  salts. 

Cost  of  filtration 
Cost  of  or  decantation 

dissolution       precip.  and  refining  Total 

Average  gold  ore $0.29  $0.25  $0.54 

Average  silver  ore 0.83  0.42  1.25 

Included  in  the  above,  but  so  far  below  the  average  as  to 
require  special  notice,  is  the  intermittent  decantation  method 
practiced  on  the  Rand,  where  the  slime  is  particularly  amen- 
able, in  so  far  as  concerns  thickening,  dissolution  and  chemical 
consumption.  Figures  from  nine  Rand  slime  plants  show  an 
average  cost  for  dissolution,  decantation,  precipitation  and  re- 
fining, of  24.5  cents  per  ton  of  slime,  the  extraction  averaging 
85.9%  on  slime  heads  of  $1.92.  Recent  Rand  slime  plants  have 
adopted  filtration  in  place  of  decantation,  and  obtain  extrac- 
tions ranging  from  92  to  95%.  Prom  the  above  Rand  figures, 
about  4  cents  should  be  deducted  for  precipitation,  refining  and 
assaying. 

SAND  LEACHING. 

The  Rand  is  the  greatest  present  day  exponent  of  sand 
leaching,  comparatively  few  plants  in  other  parts  of  the  world 
retaining  separate  sand  and  slime  treatment.  The  important 
improvements  made  in  fine  grinding  and  the  handling  of  slime 
created  a  marked  tendency  toward  all-sliming  and  the  aban- 
donment of  sand  leaching,  this  trend,  in  a  few  instances,  re- 
sulting in  inadiquate  consideration  of  the  question  of  highest 
commercial  recovery  versus  highest  theoretical  extraction.  A 
few  all-sliming  plants,  after  careful  research  and  consideration, 
have  found  it  advisable  to  revert  to  the  former  sand  and  slime 
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practice.  But  even  in  the  strongholds  of  sand  leaching,  the 
present  day  trend  is  toward  finer  grinding  and  a  gradual  re- 
duction in  the  proportion  of  total  mill  pulp  treated  by 
percolation. 

Careful  classification  or  separation  of  sand  and  slime  is 
highly  imperative  and  cone  classifiers  of  the  hydraulic  and 
diaphragm  types  are  almost  universally  used.  Collector  tanks 
have  been  abandoned,  in  a  number  of  recent  Rand  plants,  in 
favor  of  continuous  collection  by  sand  filter  tables,  the  cost  of 
operating  these  sand  filters  approximating  3  cents  per  ton  of 
sand.  The  use  of  sand  filter  tables  is  reported  to  represent  a 
saving  in  capital  cost  of  plant  (as  compared  with  the  usual  in- 
termittent type  of  plant)  of  some  13  to  25%,  depending  on  the 
size  of  the  plant,  and,  in  addition,  the  filter-collected  sand  is 
cleaner  and  drier. 

The  collecting  tanks,  now  made  of  steel,  are  usually 
charged  by  revolving  distributors.  The  discharge  of  the  sand 
residue  from  treatment  tanks,  which  now  range  up  to  70  ft. 
diameter  by  12  ft.  deep,  is  accomplished  by  sluicing,  shovelling, 
or  mechanical  excavators,  the  method  depending  on  local  fac- 
tors such  as  cost  and  abundance  of  water,  and  labor  and  stor- 
age requirements.  A  recent  trend  in  the  method  of  sand-resi- 
due disposal  has  been  to  sluice  the  sand  into  dewaterers,  or 
classifiers,  from  which  it  gravitates  underground,  for  stope 
filling.  The  destruction  of  the  cyanide  present  in  the  residues 
is  accomplished,  where  necessary,  by  the  addition  of  some  0.08 
lb.  of  KMnO^  per  ton  of  sand.  Since  its  introduction  on  the 
Rand,  sand  filling  of  stopes  has  been  very  advantageously 
adopted  in  other  countries. 

Rand  Metallurgical  Practice,  Vol.  II,  p.  418,  gives  the  fol- 
lowing comparison  of  the  cost  per  ton  for  transferring  drained 
sand  from  tank  to  tank:  (a)  by  truck  haulage,  3.96  cents;  (b) 
by  shovelling  and  conveyor  belt,  3.36  cents;  (c)  by  shuttle 
belts  and  main  conveyor  belts,  2.44  cents. 
Capital  Costs  of  Sand  Leaching  Plants. 

Data  in  Rand  Metallurgical  Practice,  Vol.  II,  pp.  347-350, 
give  estimates  of  unusual  value.  The  sand  plants  are  of  the 
standard  type,  allowing  four  days  for  collecting  and  eight  days 
for  treatment.    The  costs  include  classifying  cones  (yielding 
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70%  sand),  collecting  and  treatment  tanks,  revolving-pulp  dis- 
tributors for  collecting  tanks,  belt-conveyor  transfer  system  to 
treatment  tanks,  water  and  solution  services,  and  sand-residue 
disposal  plants,  but  exclude  precipitating,  refining,  and  power 
plants.  The  capital  expenditures  for  various  capacities  of 
above  plants,  per  ton  of  sand  treated  per  24  hours,  are  as  fol- 
lows: 350  tons  of  sand  per  day,  $264.00;  700  tons,  $254.00; 
1400  tons,  $244.00 ;  2800  tons,  $233.00. 

Estimated  capital  costs  of  sand  plants  using  continuous 
sand-filter  collecting,  yielding  55%  sand,  are  given  as  follows: 
275  tons  of  sand  per  day,  $230.00  per  ton  of  daily  sand  capa- 
city; 550  tons  of  sand,  $212.00;  1100  tons  of  sand,  $195.00; 
2200  tons  of  sand,  $177.00. 

The   actual  combined  cost   of  the  two  Homestake   sand 
plants,  of  a  total  capacity  of  2500  tons,  amounted  to  $255.00 
per  ton  of  daily  sand  capacity.     This  figure  includes  power, 
heating,  precipitating,  and  clean-up  plants. 
Operating  Costs  of  Sand  Leaching  Plants. 

In  offering  sand-leaching  cost  data,  it  may  be  well  to  cite 
the  working  of  a  few  representative  plants.  Again,  it  must  be 
noted  that  no  comparisons  are  here  intended,  local  conditions 
being  at  too  great  a  variance. 

Band. — Fifteen  Rand  plants  show  that  an  average  of  57.6% 
of  the  mill  pulp  is  leached  as  sand  by  double  treatment,  the 
proportion  ranging  from  70%  sand  in  the  older  plants,  to  40% 
sand  in  recent  plants.  The  economical  limit  of  fine  grinding 
of  the  sand  approximates  70%  through  100  mesh  (0.0058" 
aperture).  With  intermittent  collecting,  revolving  distribu- 
tors are  preferred  to  hose  filling.  The  transfer  of  the  drained 
sand  to  the  treatment  tanks  is  by  truck  haulage,  or  by  shovel- 
ling, in  cases  where  the  collectors  are  superimposed  upon  the 
treatment  tanks.  With  continuous  sand-filter  collecting,  the 
collected  sand  is  transferred  by  conveyors  or  pumped  to  re- 
volving distributors.  The  residue  is  discharged  by  belts,  trucks, 
buckets  or  sluicing  into  cone  dewaterers  for  sand  filling  of 
stopes.  The  total  ratio  of  solution  to  sand  for  dissolving  and 
washing  approximates  1.5  to  1.  About  four  days  are  allowed 
for  collecting  and  draining  and  seven  to  eight  days  for  treat- 
ment.   Approximately  one  ton  of  solution  is  precipitated  per 
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ton  of  sand.    The  strong  solution  is  about  2  lbs.  KCN,  while 
the  weak  is  about  0.5  lb.  KCN. 

Figures  from  ten  Rand  plants  for  1912,  with  daily  sand  ton- 
nage running  as  high  as  3500  tons,  show  the  following  averages : 

Total  cost  of  sand  treatment  per  ton  of  sand  (including 
classification,  coUecting,  treating,  precipitating,  re- 
fining and  residue  disposal),  ranging  from  37  to  45 

cents,  average  39.8  cents. 

Average  extraction  on  $3.17  sand  heads 79.8% 

Average  extraction  in  recent  sand  plants 89.5% 

Homestake. — Average  1914  daily  tonnage,  2500  tons  of 
sand,  or  55%  of  the  mill  pulp.  Two  single-treatment  sand 
plants,  consisting  of  twenty  44'x9',  600-ton,  and  five  54'xl3', 
1250-ton  treatment  tanks.  Single  treatment,  or  collecting  and 
treatment  in  same  tank ;  9  hours  required  for  collecting  by  re- 
volving distributors.  Two  treatments  with  2.5-lb.  KCN  strong 
solution  and  one  treatment  with  1.3-lb.  KCN  weak  solution  are 
each  preceded  by  draining  and  aerating,  with  air  at  4  to  5  lbs. 
pressure.  The  final  water  wash  is  followed  by  sluicing — one 
ton  of  sluicing  water  being  required  per  ton  of  sand. 

Total  solution  used  per  ton  of  sand 0.8  tons. 

Total  solution  precipitated  per  ton  of  sand 0.4     " 

Total  cycle  approximates  seven  days.  Screen  sizing  of 
sand :    -f  100  mesh,  28.5%  ;  —  100  +  200,  35.1%  ;  —  200,  36.3%. 

Consumption  per  ton  of  sand ;  sodium  cyanide,  0.232  lbs. ; 
zinc  dust,  0.062  lbs. ;  lime,  3.11  lbs. ;  power,  0.972  kw.  hrs. 

Extraction  on  $1.42  sand  heads 78.7% 

Total  cost  of  sand  treatment  per  ton  of  sand 17.8  cents. 

Pittsburg  Silver  Peak. — Average  1911  daily  tonnage,  320 
tons  of  sand,  or  60%  of  the  miU  pulp.  Single  treatment  in  five 
36'xlli/^',  480-ton  tanks ;  50  hours  of  3-lb.  strong  cyanide  solu- 
tion leaching  is  followed  by  draining  and  aeration,  and  then 
25  hours  of  1.5-lb.  weak  solution  is  followed  by  the  final  wash. 
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Collecting  is  by  revolviug  distributors,  while  the  residues  are 
sluiced  out  with  one  ton  of  water  per  ton  of  sand. 

Total  cycle  approximates  seven  days.  Screen  sizing  of 
sand:    +  35  mesh  (0.0164"),  23%  ;  — 35  +  65  (0.0082"),  29%; 

—  65  +  100,  21% ;  —  100  +  200,  18%  ;  —  200,  9%. 

Extraction  on  $3.15  Band  beads 79.9% 

(It  is  to  be  noted  that  a  tubemill  was  recently  installed  to 
increase  the  fineness  of  the  above  stamp  battery  product.) 

Cost  of  sand  treatment  per  toD  of  BunA,  excluiive  of 

neutralizing,  precipitatiag,  refining  and  assaying,  23.5  cents. 

Itemized  statements  of  the  cost  of  sand  leaching  may  prove 
of  value.  The  Rand  data,  taken  from  R.  M.  P.,  Vol.  I,  p.  186, 
are  based  on  27,716  tons  of  sand  {per  month!)  representing 
56.4%  of  the  total  mill  pulp,  continuous  sand-filter  collecting 
being  in  use. 

OoBt  of  Sand  Treatment  per  Ton  of  Band. 


Labor    0.54  eenta            Superintendence   —.  1.06  cents 

Assaying,  sampling  0.32                       Assaying    48 

Lime 0.50                       Neutralization    1.54 

Transferring,   diseharg-  Transportation  IT 

ing    8.02                       Classification  1.18 

Cyanide    T.23                       Treatment   8.59 

Precipitation 1.56  Precipitating  and 

Zinc  shavingB  1.28                           pumping  solutions 1.18 

Clean-up,  smelting  2.92                       Refining  38 

Sodium  bisulphate  _  0.94                       Heating   .51 

Miscellaneous  supplies  ..  2.30                       Miscellaneous    ...._ 81 

Water  1.60                       Bepairs 1.88 

Power  and  lights 6.48                                                                  

Miscellaneous    0.59                           Total  17.78  cents 

Total    40.94  cents 

FILTER  SLIME  TREATMENT. 

Direct  filter  treatment  has  so  far  been  limited  to  a  com- 
paratively few  plants  in  Kalgoorlie,  and  to  the  Homestake  and 
Silver  Peak,  in  America.    However,  where  the  slime  is  of  such 
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a  nature  that  a  solution  contact  of  some  four  to  eight  hours 
is  ample,  direct  filter  slime  treatment  is,  perhaps,  the  most 
efficient  and  satisfactory  practice  of  the  day.  The  partially 
thickened  slime,  in  water,  is  charged  directly  into  the  filters, 
where  the  slime  cake  is  in  an  excellent  condition  to  receive 
preliminary  treatment,  such  as  aeration,  solution  leaching,  and 
washing.  The  entire  dissolution  is  eflPected  in  the  filter,  with  a 
minimum  amount  of  solution,  precipitation,  consumption  of 
chemicals,  power  and  labor,  and  loss  in  dissolved  gold.  The 
plant  is  very  simple  and  compact,  while  the  various  operations 
are  susceptible  of  accurate  technical  control. 

Two  examples  of  direct  filter  treatment  are  cited  to  in- 
dicate the  results  being  obtained. 

Pittsburg  Silver  Peak.— Daily  capacity,  200  tons  of  slime. 
Treatment  is  effected  in  three  86-frame  Merrill  automatic-sluic- 
ing pressure  filters,  the  total  cycle  requiring  four  hours.  The 
extraction  on  $1.55  slime  heads  is  92.2%.  The  total  cost  of 
treatment,  including  dissolution,  filtration  and  discharging,  is 
as  follows: 

Labor  at  $4.50  per  8  hrs 7.3  cents 

Bepairs    1.2 

Power  for  pumping,  filtering  and  air  at  $7.37  per 

hp.  month  3.6 

Cyanide  (98%  at  21.47c  per  lb.) 11.4 

HCl  at  $6.87  per  carboy 0.5 

Canvas  1.1 

Miscellaneous  supplies 1.2 

Total  cost  per  ton  of  slime 26.3  cents 

Homestake. — ^Daily  capacity,  1925  tons  of  slime.  Treat- 
ment is  effected  in  twenty-eight  90-frame  Merrill  automatic- 
sluicing  pressure  filters,  the  total  cycle  requiring  nine  hours. 
The  extraction  on  $0.92  slime  heads  is  89.9%.  The  ratio  of 
total  solution  used  per  tone  of  slime  is  1 :1,  of  which  only  0.7 :1 
is  precipitated.  Loss  in  dissolved  gold  per  ton  of  slime  is  % 
cents. 
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Total  Go8t  of  Homestake  Direct-Filter  Slime  Treatment  per  Ton  of  Slime. 

Superintendence   ^...  0.93  cents  Or,  combined  as: — 

Assaying    ^ 31  Works  labor 6.70  cents 

Neutralization  2.03  Shop  labor  84 

Thickening    34  Power  1.84 

Treatment   10.73  Chemicals  6.78 

Precipitating  and  Miscellaneous 2.22 

pumping  solutions  ....  1.65  

Refining  66  Total  18.38  cents 

Heating   17 

MlsceUaneous    88  Ooiuramptloii  per  ton  of  Slime. 

Repairs  68  Sodium  cyanide 0.161  lbs. 

Zinc  dust  0.118    " 

Total  18.38  cents  Lime  3.840    '* 

HCl     0.393    " 

Power  1.150  kw.  hrs. 

Actual  cost  of  dissolution,  deducting  precipitation, 
refining,  assaying,  and  1/3  of  superintendence 
and  miscellaneous  items  15.16  cents 

Capital  Cost  of  Direct-Filter  Slime  Treatment  Plants. 

Assuming  an  average  total  cycle  of  six  hours,  the  complete 
capital  cost,  including  classification,  thickening,  filters,  precipi- 
tation, refining,  pumping,  heating — all  enclosed  in  buildings 
— will  approximate  $265.00  per  ton  of  daily  slime  capacity. 

DISCUSSION 

Mr.  Mr.  J.  E.  Clennell  called  attention  to  a  recent  experience   in  the 

Clennell.  cyanidation  of  a  silver  ore,  where  an  oxidizing  roast  rendered  the  sUver 
refractory.  He  asked  if  any  of  the  metallurgists  present  had  had  a 
similar  experience. 

Mr.  Mr.  C.  W.  Merrill,*  Mem.  Am.  Inst.  M.  E.,  stated  that  he  had  had 

Merrill.  ^  similar  experience. 

Prof.  Prof.  O.  H.  Gleyenger,!  Mem.  Am.  Inst.  M.  E.,  said  that  the  peculiar 

Cievenger.  behavior  of  silver  ores  when  subjected  to  an  oxidizing  roast  had  come 
to  his  attention  some  ten  or  twelve  years  ago,  but  that  he  did  not  realize 
the  full  significance  of  it  until  later.  If  you  wish  to  ruin  the  extraction 
of  any  silver  ore,  give  it  an  oxidizing  roast.  He  further  stated  that 
closely  related  to  the  behavior  of  sUver  ores  during  the  oxidizing  roast 
is  the  effect  of  oxidation  which  at  times  takes  place  with  silver  ores  in 
nature.    It  has  been  his  experience  that,  on  the  whole,  surface  silver  ores 

*  San  Francisco,  Calif. 

t  Stanford  University,  Calif. 
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were  more  difficult  to  treat  than  ores  coming  from  the  lower  levels,  Prof, 
and  this  is  just  the  reverse  of  what  is  generally  true  of  gold  ores.  He  Clevenger. 
also  called  attention  to  the  behavior  of  the  so-called  manganese  silver 
ores  and  expressed  the  thought  that  the  refractory  nature  of  these  ores 
was  not  due  so  much  to  combination  of  the  silver  with  manganese,  as 
to  the  influence  of  the  manganese  mineral  as  an  oxidizing  agent  upon 
the  silver  in  whatever  form  it  may  have  been  originally  deposited  in 
the  ore. 

Mr.  Clias.  Butt6r8,*  Mem.  Am.  Inst.  M.  E.,  called  attention  in  this       Mr. 
connection  to  the  difficulty  in   treating  flotation  concentrate.     He  said  ^'^tters. 
that  a  satisfactory  extraction  could -not  be  made  upon  the  concentrate  as 
produced  and  from  a  silver  ore;  and  should  it  be  roasted,  it  would  still 
be  impossible  to  recover  the  silver. 

Mr.  G.  T.  DuBelUt  Mem.  Am.  Inst.  M.  E.,  did  not  think  that  the  Mr. 
comparisons  g^ven  in  the  paper  of  roasting  practice  in  Cripple  Creek  and  l^^Rell. 
Australia  were  quite  fair.  He  called  attention  to  the  fact  that  the 
furnaces  which  had  been  developed  and  built  locally  had  given  better 
satisfaction  than  the  American  furnaces,  and  that  it  was  not  true  that 
the  Edwards  furnace  was  displacing  the  Merton  furnace.  He  further 
said  that  he  did  not  agree  with  Mr.  Butters'  statement  that  flotation 
concentrate  could  not  be  cyanided.  He  did,  however,  agree  with  the 
statement  that,  when  concentrate  containing  silver  is  roasted,  it  cannot 
be  cyanided.  He  further  reasoned  that  the  refractory  nature  of  the  raw 
concentrate  was  due  to  something  that  had  been  added  during  flotation; 
therefore,  he  thought  that  the  difficulty  must  be  due  to  either  oil  or 
air.  Through  a  process  of  elimination,  he  was  led  to  the  belief  that  the 
difficulty  was  due  to  the  oil;  however,  he  thought  that  through  heating 
or  treating  the  concentrate  with  a  special  solvent  for  the  removal  of  the 
oil,  the  difficulty  could  be  overcome. 

Prof.  Olevenger  said  that  he  did  not  think  that  he  had  sufficiently       Prof. 

proven  his  point,  since  it  is  a  well-known  fact  that  certain  oils  do  combine  Clevenger. 

with  certain  metals  and  that  it  is  not  improbable  that  oils  might  combine 

with  certain  of  the  minerals  present  to  form  a  chemical  combination. 

Mr. 
Mr.  DiiBell  asked  what  the  nature  of  the  compounds  formed  would  be.  DaRell. 

Prof.  Olevenger  replied  that  he  was  not  prepared  to  go  into  the  chem-      Prof, 
istry  of  the  matter  at  the  present  time,  on  account  of  lack  of  proper  in-  Clevenger. 
vestigation  of  the  subject. 

Mr.  Merrill  thought  that  the  difficulty  might  be  due  to  a  physical       Mr. 
eause  and  that,  therefore,  the  cause  of  the  difficulty  could  not  be  limited,  ^^"'i^^- 
as  Mr.  DuRell  had  attempted,  to  air  and  oil. 

Mr.  Batters  stated  in  conclusion  that  he  had  gone  into  the  matter      Mr. 
sufficiently  fully  so  that  he  was  absolutely  sure  that  the  treatment  of  ^"**«"- 
flotation  concentrate  presented  serious  difficulty. 

*  Oakland,  Calif. 

t  Los  Angeles.   Calif. 
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Probably  the  most  vital  point  in  the  practical  application 
of  the  cyanide  process  is  the  filtration  or  separation,  after  dis- 
solution, of  the  metal  bearing  solution  from  the  slime  residue. 
Certainly  no  other  point  has  called  forth  such  a  combination 
of  inventive  ingenuity  and  practical  ability  as  has  been  ex- 
pended in  developing  a  satisfactory  technical  and  economical 
solution  of  this  problem. 

The  reason  for  this  is  readily  appreciated  when  one  stops 
to  consider  that  for  every  unit  of  dissolved  metal  finally  dis- 
charged with  the  residue,  there  is  incurred  a  net  loss  equal  to 
the  market  value  of  the  unit  plus  the  mechanical  loss  of  cyanide, 
amounting  to  a  further  $.05  to  $.10  per  ton.  Since  filtration 
or  decantation  is  almost  the  last  step  in  gold  and  silver  pro- 
duction, and  amounts  at  most  to  5%  of  the  total  cost,  there  is 
obviously  every  incentive  to  obtain  the  highest  possible 
efficiency. 

Many  attempts  have  been  made  to  arrive  at  a  scientific 
designation  of  so-called  ** slime".  None  of  them,  however,  has 
been  entirely  satisfactory,  and,  for  the  purposes  of  this  article, 
the  writer  has  in  mind  the  practical  definition  of  most  mill 
men,  namely,  *  *  that  portion  of  the  ore  which,  after  crushing 
and  grinding,  will  not  leach  economically  in  open  vats  at 
atmospheric  pressure". 

The  amount  and  character  of  this  material  produced  will 
depend  chiefly  upon  the  nature  of  the  ore  and  upon  the  degree 
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of  comminution  necessary  to  obtain  an  economic  extraction. 
Many  so-called  ** all-slime"  plants  find  it  feasible  to  agitate 
and  filter,  or  decant,  a  product  of  which  fully  40%  will  remain 
upon  a  200  mesh  screen,  while  others  grind  to  a  point  where 
only  a  fraction  of  one  percent  will  remain  upon  this  mesh. 
The  governing  factors  are  purely  individual,  such  as  size  and 
nature  of  plant,  location,  character  of  ore,  etc.,  and  can  hardly 
be  generalized. 

In  the  earlier  days  of  the  cyanide  process,  the  slime  por- 
tion of  the  ore  was  by  far  the  most  difficult  to  treat,  and  in 
crushing,  ervery  precaution  was  taken  to  insure  a  maximum  of 
granular  product.  With  the  development  of  the  decantation 
processes,  however,  and  of  slime  filters,  which  came  later,  the 
position  was  completely  reversed,  and  slime  treatment  may  now 
be  carried  out  at  least  as  economically  as  sand  treatment.  A 
natural  tendency  toward  ** all-slime"  treatment  has  thus  de- 
veloped, and  for  plants  of  less  than  200-tons  daily  capacity  has. 
become,  at  the  present  time,  almost  universal.  Processes  in- 
volving sand  leaching  are  now  considered  applicable  only  ta 
large  plants,  and,  in  particular,  to  those  treating  low-grade 
material. 

All  ores  after  fine  grinding  may  be  classified  into  two  prod- 
ucts— granular  and  amorphous,  and  most  of  the  difficulties 
experienced  in  slime  filtration  and  decantation  may  be  traced 
to  extreme  conditions  as  regards  either  the  one  or  the  other. 

An  undue  amount  of  coarse,  granular  material  will  not 
only  increase  the  power  consumption  in  the  agitators  and 
thickeners,  but  will  also  choke  and  cause  frequent  interrup- 
tions, and  unless  filtered  at  50%  moisture,  or  less,  will  result 
in  classification  and  uneven  washing. 

On  the  other  hand,  where  the  percentage  of  amorphous  is 
high,  it  is  seldom  possible  to  thicken  to  less  than  60%  mois- 
ture, even  with  a  very  large  settling  area,  and  a  pulp  of  this 
dilution  will  not  give  economic  results  with  either  continuous 
or  intermittent  decantation,  and  even  for  filter  treatment  re- 
quires a  largely  increased  area  and  frequently  results  in  slow 
and  imperfect  washing.  Cracks  and  channels  will  also  develop 
with  any  type  of  filter  in  which  the  cake  is  exposed  to  the  air 
before  or  during  washing. 
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It  may  be  safely  stated  that  for  ideal  slime-washing  re- 
sults with  any  of  the  methods  now  in  vogue,  an  all-slime 
product  should  fulfill  the  following  conditions : 

It  should  be  ground  in  a  closed  circuit  with  suitable  classi- 
fiers, so  that  not  more  than  25%  of  the  total  product  will  re- 
main upon  a  200  mesh  screen  and  all  of  the  metallic  or  sulphide 
portion  will  pass  the  same  aperture. 

It  should  settle  from  85%  moisture  to  at  least  50%,  with 
a  continuous  settling  area  of  from  6  to  10  sq.  ft.  per  ton  of  dry 
solids  per  day. 

The  various  processes  and  machines  now  in  general  use  for 
thickening,  decanting  and  filtering  slime  are  here  enumerated. 
The  list  is  by  no  means  complete,  but  includes  equipment  which 
probably  handles  over  95%  of  the  slime  tonnage  produced  in 
the  cyanide  process  throughout  the  world.  Very  -complete  de- 
scriptions of  these  machines  have  appeared  from  time  to  time 
in  the  technical  press  and  will  not  be  here  repeated,  the  object 
of  this  paper  being  rather  to  bring  out  the  saUent  points  in  the 
operation  of  each  machine  and  such  recent  cost  data  as  may  bje 
available. 

Thickening : 

Dorr  Continuous  Thickener 
Settling  Tanks 

Vacuum  Filtration : 
Butters  Leaf 
Moore  Leaf 
Oliver  Drum 
Portland  Drum 
Ridgway  Leaf 

Pressure  Filtration: 

Merrill  Sluicing  Plate-and-Frame  Press 

Dehne  Type  Plate-and-Frame  Press 

Kelly  Enclosed  Leaf 

Burt  Revolving  Cylinder 
Continuous  Decantation : 

Dorr  System 

Intermittent  Decantation : 
Rand  System 
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THICKENING. 

As  a  preliminary  adjunct  to  any  filter  operations,  the  pulp 
is  first  settled  to  a  minimum  moisture  content ;  in  average  prac- 
tice this  will  be  found  to  approximate  closely  to  50%,  or  equal 
parts  of  liquid  and  solid.  In  some  plants  this  thickening  is  all 
done  prior  to  dissolution,  while  in  others,  thickeners  are  used 
both  before  and  after  the  agitation. 

For  filtration,  the  moisture  should  be  reduced  to  such  a. 
point  that  the  heavier  particles  will  remain  in  suspension,  or  at 
least  settle  very  slowly  during  the  cake-forming  period.  This 
governs  the  uniformity  of  the  cake  and  is  one  of  the  most  vital 
points  in  all  filter  operations,  and  since  the  size  of  the  largest 
particles  is,  in  turn,  governed  by  the  limits  of  economic  grind- 
ing, the  required  buoyancy  is  best  obtained  by  proper  thick- 
ening. 

The  use  of  the  Dorr  -continuous  thickener  has  become  al- 
most universal  for  this  work  in  America,  and  is  being  largely 
adopted  in  foreign  countries  as  well.  The  machine  requires  a 
minimum  of  power  and  attendance,  and  when  used  in  conjunc- 
tion with  a  diaphragm  pump  or  air  lift  for  elevation,  the  dis- 
charge may  be  operated  with  practically  no  loss  of  mill  head. 
Discharges  as  low  as  33%  moisture  are  obtained  in  the  Porcu- 
pine District,  but  on  other  ores,  careful  attention  may  be 
needed  to  obtain  60%. 

On  the  Band,  with  colored  labor  at  $0.75  or  less  per  day, 
and  power  at  $5.50  per  hp.-month,  it  is  still  fouhd  economical 
to  retain  the  large  intermittent  settlers.  These  are  steel  tanks, 
varying  from  50  ft.  to  70  ft.  in  diameter,  with  from  10-ft.  to  14-f t. 
sides  and  cone  bottoms,  giving  an  additional  depth  of  from 
4  to  8  feet.  Peripheral  overflows  and  adjustable  decanting 
arms  are  provided,  and  the  tanks  are  emptied  by  sluicing  the 
settled  slime  into  the  suction  of  a  centrifugal  transfer  pump. 

This  system  of  settling  or  dewatering  is  particularly  well 
adapted  to  African  conditions,  where  fiat  open  mill  sites  are 
used,  and  where  all  tanks  are  unhoused.  But  it  is  to  be  noted 
that  while  the  intermittent  settlers  on  the  Rand,  particularly 
during  the  warm  summer  months,  frequently  settle  down  to 
40%,  and  even  to  38%,  moisture,  the  best  that  continuous 
thickeners  seem  able  to  do  is  50%.    Since  this  extra  10%  of 
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water  must  be  brought  up  to  treatment  strength  in  cyanide, 
and  then  wasted,  its  elimination  is  obviously  highly  desirable. 
With  any  settling  equipment,  satisfactory  moisture  figures  are 
seldom  obtained  during  the  winter  months,  when  60%  is  more 
nearly  the  average  figure,  with,  of  course,  the  attendant  tem- 
porary high  losses  in  cyanide  and  gold. 

As  illustrations  of  thickening  equipment  operated  in  special 
cases,  there  may  be  mentioned  the  vacuum  leaf  filters  at  Waihi, 
New  Zealand,  where  a  moisture  of  30%  is  obtained  prior  to 
cyanide  treatment,  and  the  deep  conical-bottom  continuous 
settlers  used  for  thickening  to  66%  moisture  prior  to  direct 
cyanide  treatment  in  Merrill  slime  filters  at  the  Homestake. 

The  area  required  for  proper  continuous  settling  is,  of 
course,  mainly  a  function  of  the  nature  of  the  ore  and  dilution 
of  the  pulp,  and  varies  from  4  to  15  square  feet  per  dry  ton  of 
daily  capacity,  with  a  pulp  feed  of  from  90  to  75%  moisture. 

With  intermittent  settling,  as  practiced  on  the  Rand,  the 
period  required  for  discharging  introduces  an  additional  time 
factor,  and  it  is  usual  to  allow  from  14  to  25  sq.  ft.  per  ton  of 
dry  slime.  It  should  be  noted  that,  in  this  practice,  practically 
all  the  water  used  in  crushing  and  classification  goes  to  the 
slime  collectors,  which  thus  handle  a  feed  containing  from  90 
to  95%  moisture. 

The  cost  of  thickening  operations  will  vary  from  $0,005 
to  $0.02  per  ton  of  ore  milled,  depending  upon  local  conditions 
and  the  scale  of  operations. 

VACUUM  FILTRATION. 

The  Butters  Filter. 

Of  the  submerged  leaf  vacuum  filters,  the  Butters  is  by  far 
the  most  widely  used.  Developed  first  in  the  United  States  and 
Mexico,  its  use  has  now  spread  throughout  the  world. 

As  originally  operated,  the  leaves  were  closely  stitched 
and  a  reverse  pressure  of  either  air  or  water,  or  both,  used  to 
dislodge  the  cakes  after  washing.  A  recent  development  has 
been  the  elimination  of  all  sewing  in  the  body  of  the  leaf,  the 
discharge  of  cake  being  effected  by  equalizing  the  pressure  on 
both  sides  of  the  filter  surface.  The  net  result  is  a  longer  can- 
vas life  and  a  much  clearer  filtrate.    The  control  of  the  various 
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operations  of  the  filter,  from  a  central  switch-board,  has  also 
very  much  simplified  the  handling  of  an  otherwise  somewhat 
complicated  mechanism. 

The  Butters  filter  was  first  installed  on  the  Rand,  at  the 
Crown  Mines,  in  1910,  and  has  been  adopted  in  all  the  new 
plants  erected  there  since  that  time,  as  well  as  in  some  of  the 
older  remodeled  plants.  The  slime  produced  from  milling  the 
banket  ore  is  almost  entirely  free  from  amorphous  material, 
and  is,  therefore,  ideal  for  filtration.  Very  excellent  washing 
results  are  obtained,  with  moderate  operating  costs.  By  means 
of  spray  pipes,  the  sides  of  the  filter  box,  and  also  the  transfer 
pipes  and  pumps,  are  flushed  between  each  transfer,  thus  mini- 
mizing the  former  troublesome  admixture  of  wash  solutions  and 
pulp. 

Under  conditions  obtaining  on  the  Rand,  the  average  op- 
erating costs  of  the  Butters  filters  may  be  stated  as  follows : 

Labor    $0.0168 

Power    0.0212 

Supplies    0.0143 

Air  0.0044 

Repairs  0.0084 

$0,065  per  ton  filtered. 

The  caking  effluent  approximates  $2.00  per  ton,  and  the 
dissolved  loss  seldom  exceeds  $0.05.  These  figures  are  for 
plants  filtering  from  600  to  1000  tons  of  slime  daily. 

Two  of  the  chief  diflSculties  the  African  metallurgist  has 
to  contend  with  are  poor  settling  and  poor  precipitation  during 
the  winter  months.  Together  they  may  cause  very  sudden  and 
very  high  losses  in  a  decantation  plant.  Filtration,  on  the 
other  hand,  provides  a  positive  wash  and  fixed  moisture  in  the 
residue,  and  if  necessary,  permits  the  use  of  a  short  final  water 
wash.  This  is  the  chief  reason  why  filtration  has  been  in- 
stalled on  many  of  the  higher  grade  mines,  and  while  the  op- 
eration of  slime  plants  equipped  with  Butters  filters  may  be 
stated  as  approximately  $0.06  higher  than  for  those  using  de- 
cantation, the  total  recovery  is  also  higher  by  $0.12,  averaged 
throughout  the  year,  leaving  a  net  gain  of  $0.06  in  favor  of  the 
filter. 
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As  typical  of  one  of  the  most  successful  Butters  plants  in 
America,  may  be  cited  the  Goldfield  Consolidated.  This  instal- 
lation has  a  capacity  of  850  tons  per  day  with  336  leaves,  or  50 
pounds  per  sq.  ft.  of  area  per  day.  According  to  J.  W.  Hutch- 
inson (Mining  and  Scientific  Press,  May  and  June,  1911),  the 
value  of  the  caking  effluent  is  $4.00,  and  the  dissolved  loss 
$0.06.    Operating  costs  are: 


Labor    $0,036 

Supplies    0.012 

Power    0.022 


$0.07     per  ton  filtered. 
(Since  reduced  to  $0.05). 

At  the  plant  of  the  Nipissing  Mines  Co.,  at  Cobalt,  an  80- 
leaf  Butters  filter  handles  240  tons,  or  66  pounds  per  sq.  ft.  of 
area  per  day.  This  is  a  silver  ore,  very  granular,  and  ground 
extremely  fine,  making  an  ideal  filter  product.  Operating  costs 
are  given  by  James  Johnson  (A.  I.  M.  E.,  Jan.,  1914),  as: 

Power   $0,034 

Labor 0.072 

Supplies    0.041 

Miscellaneous  0.015 


$0,162  per  ton  filtered. 

Other  Butters  operating  costs  are  as  follows: 

McXamara,   Tonopah 150  tons       silver       $0,237  per  ton  filtered 

Montana-Tonopah,  Tonopah  146     '*  '*  0.230    '*  '*        '* 

Loretto,  Pachuca 700     "  "  0.07      *'  **       '* 

Flores,  Guanajuato  160     "  *'  0.06 

Dos  Estrellas.  El  Oro 750     *'  gold  0.075    "  " 


n         t  t  tt 

It 


The  Moore  Filter. 

The  ^loore  vacuum  leaf  filter  differs  from  the  Butters,  in 
that  the  filter  leaves  are  lifted  at  intervals  and  transferred  suc- 
<»essively  to  the  pulp,  wash  solution  and  discharge  compart- 
ments, instead  of  using  a  stationary  leaf  and  effecting  the  vari- 
ous transfers  with  centrifugal  pumps. 

The  Moore  filter  has  been  widely  used  in  ^lexico,  particu- 
larly at  Pachuca.  and  a  number  of  plants  are  also  in  operation 
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in  the  United  States,  Canada  and  in  Australia  and  New  Zea- 
land. 

The  Moore  filter  plant  at  the  Victoria  mill  of  the  Waihi 
Gold  Mining  Company,  as  described  by  Wm.  McDonald  in  the 
C.  M.  &  M.  Society  for  May,  1913,  gives  some  remarkably 
eflScient  figures.  For  this  1000-ton  filter,  the  operating  costs 
are  given  as  follows: 


Power   $0.0288 

Labor 0.0554 

Supplies    0.0114 

Miscellaneous  0.0040 


$0.0996  per  ton  filtered. 

The  caking  effluent  averages  $4.60  gold  and  1.72  oz.  silver, 
while  the  dissolved  loss  is  stated  to  be  $0,048  in  gold  and  0.02 
oz.  in  silver. 

Other  Moore  filter  costs  are  as  follows : 

Hollinger,  Porcupine 600  tons  gold  $0,103  per  ton  filtered 

Liberty  BeU,  Colorado....  430     *'  gold  and  silver      0.099    *'     '*       " 

La  Blanca,  Pachuca 300     "  silver  0.105    "     "       " 

San  Rafael,  Pachuca 400     '*  silver  0.110    ''     *'       '' 

Note. — These  costs  do  not  include  royalty. 

The  Sidgway  Filter. 

The  Ridgway  reciprocating  vacuum  leaf  filter  differs  from 
the  Moore,  -chiefly  in  that  the  leaves  are  suspended  from  arms 
which  swing  in  a  vertical  plane,  through  an  arc  of  approxi- 
mately 180°,  from  pulp  to  wash  tank,  the  final  discharge  tak- 
ing place  when  the  arms  are  vertical.  This  filter  is  reported 
as  doing  good  work  in  Australia,  but  operating  costs  and  data 
are  not  available  at  this  time. 

A  difficulty  common  to  this  filter,  and  to  all  operating  on 
the  Moore  principle,  is  that  the  originally  barren  wash-solution 
tank  builds  up  in  value  due  to  diffusion  of  rich  solution  from 
the  slime  cakes.  This  may  be  remedied  in  part  by  clarifying 
and  re-precipitating  a  sufficient  volume  to  keep  the  wash  at  the 
desired  figure,  which  should  not  exceed  $0.05  for  good  work. 
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REVOLVING   DRUM   VACUUM   FILTERS. 

The  Oliver  Filter. 

Of  this  type,  the  Oliver  is  one  of  the  first  and  by  far  the 
most  widely  used.  The  fact  that  the  machine  is  continuous  in 
operation  and  reduces  labor  and  supervision  to  a  minimum  has 
made  it  a  most  valuable  adjunct  to  small  plants  handling  from 
30  to  150  tons  per  day.  Owing  to  the  nature  of  the  cake,  and 
the  limited  time  available  for  washing,  a  complete  displace- 
ment of  dissolved  values  is  difficult  of  attainment,  but  this  often 
becomes  of  minor  importance  with  low-grade  ores,  and  richer 
solutions  may  be  handled  by  giving  one  or  more  decantations 
ahead  of  the  filter. 

It  is,  in  fact,  in  conjunction  with  continuous  decantation 
that  the  Oliver  probably  finds  its  most  useful  field  in  cyanide 
metallurgy.  It  combines  really  continuous  operation  with  a  dry 
mechanical  discharge  and  has,  in  addition,  a  low  operating 
cost.  For  vacuum  filtration,  the  capacity  per  sq.  ft.  per  day  is 
high,  for  the  reason  that  the  cake  formed  in  these  continuous 
filters  does  not  exceed  from  Ys  to  ^/^  inch  in  thickness,  and  the 
time  required  for  cake  forming  in  any  filter  increases  very 
rapidly  as  a  thicker  cake  is  made. 

Oliver  filters  are  very  generally  used  in  Mexico  and  the 
United  States,  and,  numerically,  probably  head  the  list  of  filter 
plants  in  use  in  America. 

At  the  Mexican  Mill  on  the  Comstock,  a  11^-ft.  by  16-ft. 
Oliver  handles  80  tons  daily,  being  278  lbs.  per  sq.  ft.  per  day. 
Operating  costs  are  given  as  $0,072  and  dissolved  metal  losses 
as  $0.09,  largely  in  silver. 

The  plant  of  the  Minas  del  Tajo,  in  Sinaloa,  with  two 
ll^/^-ft.  by  8-ft.  Olivers,  handles  100  tons,  or  348  lbs.  per  sq. 
ft.  per  day.  Caking  effluent  is  given  as  $0.47  gold  and  0.98  oz. 
silver,  with  a  dissolved  metal  loss  of  $0.04  gold  and  0.09  oz. 
silver.  Operating  costs  are:  Power,  $0.0835;  labor,  $0.0161; 
supplies,  $0.0227;  total,  $0.1223.  At  this  plant  the  slime  is 
settled  and  partly  washed  by  intermittent  decantation  before 
going  to  the  filters. 

At  the  mill  of  the  Nevada  Wonder,  where  all  operating 
charges  are  relatively  high,  the  Oliver  costs  are  given  as :  Labor, 
$0,106;  power,  $0,046;  supplies,  $0,038;  and  total,  $0.19  per 
ton  filtered.    The  capacity  per  sq.  ft.  of  area  is  270  tons  per  day. 
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The  Portland  Filter. 

The  Portland  revolving-drum  vacuum  filter  is  similar  to  the 
Oliver  in  construction  and  operation.  As  a  typical  installation 
may  be  cited  that  at  the  Victor  Mill  of  the  Portland  Gold  Min- 
ing Company,  where  six  filters,  with  a  total  filtering  area  of 
2125  sq.  ft.,  handle  300  tons,  or  282  lbs.  per  sq.  ft.,  per  day. 
The  total  installation  cost  of  this  filter  plant  is  given  as  $23,- 
365.00,  and  operating  costs  are  $0.08  per  ton  filtered.  The 
caking  effluent  carries  $1.25  in  gold  and  the  dissolved  metal 
loss  is  $0.07. 

Portland  filters  are  also  installed  at  the  Cornucopia  Mill 
in  Oregon,  where  two  14-ft.  by  9-ft.  machines  handle  228  lbs. 
per  sq.  ft.  per  day,  with  operating  costs  given  as  $0,081  per  ton 
filtered. 

PRESSURE  FILTRATION. 

Dehne  Type  Filter. 

The  Dehne  type  plate-and-frame  pressure  filters  were  the 
first  machines  used  for  the  filtration  of  slime  in  the  early  days 
of  the  cyanide  process,  and  many  plants  were  installed,  particu- 
larly in  Africa  and  Australia.  Working  upon  a  granular  or 
roasted  slime,  permitting  three-  and  four-inch  cakes,  the  wash- 
ing with  these  presses  is  practically  perfect,  and  charges  are 
not  excessive  where  labor  is  cheap.  With  amorphous  slime, 
however,  one-  or  two-inch  frames  must  be  used  to  obtain  a 
solid  cake,  and  even  then  the  washing  is  erratic,  with  abnormal 
costs  for  labor  and  filter  cloth,  owing  to  the  necessary  frequent 
opening  and  closing. 

Because  of  such  defects,  presses  of  this  type  have,  in  al- 
most every  case,  been  superseded  by  more  modern  equipment; 
two  notable  exceptions  being  certain  districts  in  Australia  and 
in  Ehodesia,  where  a  number  are  still  in  use,  due  mainly  to  the 
fact  that  by  using  a  final  air  blow,  residues  may  be  discharged 
as  low  as  10%  moisture — a  vital  point  in  these  semi-arid 
districts. 

The  average  cost  of  operating  filter  presses  of  the  Dehne 
type  in  Australia  may  be  taken  as  $0.25  per  ton  filtered,  with 
an  additional  $0.10  for  residue  disposal. 
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The  MerriU  FUter. 

The  Merrill  automatic  sluicing  filter  introduces  an  entirely 
novel  feature  in  the  operation  of  plate- and-frame  presses.  A 
sluicing  pipe  extends  throughout  the  length  of  the  press  and 
is  provided  with  a  nozzle  projecting  into  each  frame.  For  dis- 
charging, this  sluicing  pipe  is  slowly  rotated,  and  jets  of  water 
at  approximately  85-pounds  pressure  sluice  out  the  cake 
through  gates  located  at  the  bottoms  of  the  frames. 

This  filter  combines  the  recognized  washing  eflSciency  of 
the  plate-and-frame  press  with  a  convenient  mechanical  wet 
discharge,  and  where  water  costs  are  not  excessive,  gives  most 
satisfactory  results.  When  the  conservation  of  water  is  vital, 
the  presses  are  sluiced  into  thickening  tanks,  where  the  water 
is  recovered  and  re-used;  the  ultimate  consumption  in  such 
cases  seldom  exceeding  one  ton  per  ton  of  slime  filtered. 

Two  systems  are  used  in  operating  these  presses.  Where 
the  ore  is  comparatively  granular  and  makes  cake  rapidly,  the 
chambers  of  the  press  are  filled  solid  full,  and  the  wash  or 
treatment  solutions  passed  clear  through  the  cakes.  This  re- 
quires a  minimum  amount  of  wash  to  effect  displacement,  fre- 
quently less  than  a  1  to  1  ratio,  with  attendant  saving  in  pre- 
cipitation and  power  charges. 

When  amorphous  material  is  present  in  such  amount  as 
to  cause  the  cakes  to  form  and  leach  slowly,  it  is  found  prefer- 
able to  discontinue  filling  when  the  chambers  are  almost,  but 
not  quite,  full,  and  immediately  to  apply  the  wash  or  treat- 
ment solution  through  the  pulp  feed  channels.  Even  with  a 
high  amorphous  content,  a  rapid  wash  is  thus  obtained,  since 
the  cakes  are  from  only  one  to  one  and  one-half  inches  thick. 
Owing  to  a  certain  amount  of  diffusion  between  the  wash  and 
the  residual  filling  pulp,  a  volume  of  wash  solution  equal  to 
twice  the  weight  of  the  ore  is  required. 

Due  to  the  nature  of  its  construction,  the  capital  cost  of 
the  Merrill  filter  is  high,  but  in  most  cases  this  is  more  than 
offset  by  an  unusually  high  washing  efficiency  and  a  low  oper- 
ating cost. 

The  largest  installation  of  Merrill  slime  filters  is  operating 
at  the  Homestake,  where  28 — 92-frame  presses  handle  approxi- 
mately 2000  tons  per  day.    This  is  on  the  basis  of  a  nine-hour 
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cycle  and  includes  the  total  slime  treatment.  The  capacity  of 
the  plant,  if  used  for  washing  only,  would  approximate  8000 
tons  per  day,  with  an  operating  cost  as  follows:  Operating 
labor,  $0.01;  shop  labor,  0.0015;  power,  0.0005;  canvas,  0.01; 
acid,  0.0046 ;  miscellaneous,  0.0014 ;  total,  $0,028. 

As  typical  of  the  operating  cost  of  a  large  Merrill  filter 
installation  in  Mexico,  may  be  taken  the  following  figures  from 
the  Esperanza  Mining  Company  at  El  Oro.  Approximately 
1000  tons  of  slime  are  filtered  daily  with  six  presses,  averaging 
82  frames  each,  being  equivalent  to  100  pounds  per  sq.  ft.  per 
day.  Caking  effluent  carries  $3.20  in  gold  and  one  oz.  silver. 
Dissolved  metal  loss  is  $0.03  in  gold  and  0.01  oz.  silver.  Ope- 
rating charges  are :  Canvas,  $0.0108 ;  acid,  0.0035 ;  labor,  0.02 ; 
miscellaneous,  0.0005;  sluicing  water,  0.0102;  a  total  of  $0,045 
per  ton  filtered.  The  item  for  sluicing  water  represents  all 
charges  incidental  to  settling  and  returning  for  re-use  all  water 
sent  out  with  sluiced  residues. 

As  illustrating  the  additional  dissolution  of  metal  which 
almost  invariably  occurs  during  washing  in  pressure  filters  of 
this  type,  the  following  data  from  the  Merrill  installation  at  the 
mill  of  the  San  Luis  Mining  Company,  in  Durango,  may  be 
cited:  The  caking  effiuent  carries  25  ozs.  silver  per  ton,  while 
re-washed  filter  heads  and  tails  show  4.7  and  4.08  ozs.,  respect- 
ively, an  extraction  of  0.62  oz.  thus  taking  place  during  filtration. 
The  Kelly  Filter. 

The  Kelly  enclosed-leaf  pressure  filter  is  in  use  in  several 
plants  in  Mexico  and  the  United  States,  in  particular  in  those 
where  a  dry  discharge  is  desired,  but  its  use  has  not  extended 
largely  to  foreign  countries. 

The  operation  of  this  filter  involves  the  return,  at  each 
cycle,  of  excess  pulp  and  excess  wash  to  their  respective  tanks, 
and,  in  conjunction  with  the  frequent  opening  and  closing  for 
discharge,  results  in  operation  and  maintenance  charges  some- 
what higher  than  the  average.  The  successful  operation  of  this 
filter  would  also  seem  to  be  more  than  usually  dependent  upon 
skilled  operators.  Under  certain  conditions,  however,  these 
points  may  be  more  than  offset  by  the  advantages  of  a  compar- 
atively dry  residue. 

Five  5-ft.  X  14-ft.  Kelly  filters  at  the  mill  of  the  Tigre  Min- 
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ing  Company,  in  Sonora,  handle  250  tons  of  slime  daily,  being 
at  the  rate  of  83  lbs.  per  sq.  ft.  per  day,  with  an  operating  cost 
of  $0.25  per  ton. 

A  4-ft.  X  10-ft.  KeUy  filter  at  the  50-ton  lola  mill,  in  North 
Carolina,  handles  50  tons  in  12  hours,  or  475  lbs.  per  sq.  ft.  per 
day.  No  solution  wash  is  used  in  the  30-minute  cycle.  The 
loss  in  dissolved  value  averages  7c,  ranging  up  to  15c.  Operat- 
ing cost,  exclusive  of  power,  is  given  as  8.5c. 

The  Burt  Filter. 

The  Burt  revolving  pressure  filter  is  one  of  the  most  ingen- 
ious machines  developed  for  slime  filtration,  but,  unfortunately, 
the  small  filter  area  obtainable  in  each  machine  has  restricted 
its  use  to  very  granular  slime.  On  such  material,  it  is  capable 
of  giving  a  very  perfect  wash,  and  will  discharge  with  a  small 
amount  of  water.  The  filter  was  developed  at  El  Oro,  Mexico, 
and  is  in  operation  in  the  mills  of  the  El  Oro  Mining  and  Rail- 
way, and  the  Mexico  Mines  of  El  Oro. 

At  the  former  plant,  fourteen  42  in.  x  40  ft.  filters  handle 
1200  tons  daily,  or  410  lbs.  per  sq.  ft.  per  day,  with  cake  4  to 
6  inches  in  thickness.  The  slime  is  unusually  granular  and  is 
partly  washed  by  decantation  before  going  to  the  filters.  Ope- 
rating costs  are:  Labor,  $0,014;  power,  0.011;  supplies,  0.024; 
total,  $0,049.    The  washing  efiiciency  is  stated  to  be  98%. 

CONTINUOUS  COUNTER-CURRENT  DECANTATION. 

This  method  of  separating  dissolved  values  from  treated 
slime,  by  means  of  ar  series  of  Dorr  continuous  thickeners,  is 
becoming  very  popular  in  America,  particularly  in  small  plants, 
and  more  especially  in  those  treating  a  granular  product,  which 
readily  settles  to  40%  moisture  or  less  and  is  amenable  to  treat- 
ment with  very  low  cyanide  strengths. 

In  operation,  the  slime  passes  through  a  series  of  tanks, 
the  thick  underflow  of  each  being  diluted  with  solution  over- 
flowing the  second  following  thickener  of  the  series.  The 
solids  thus  move  constantly  in  one  direction,  while  the  solu- 
tions travel  in  the  opposite  direction.  Water,  in  quantity  suf- 
ficient to  replace  the  moisture  finally  discharged  with  the  tail- 
ing, is  added  at  the  final  thickener.  The  solution,  traveling 
successively  toward  the  head  of  the  series  and  mixing  with 
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constantly  richer  pulp,  is  finally  used  in  the  crushing  depart- 
menty  from  whence  it  overflows  the  first,  or  primary,  settler 
and  is  sent  to  precipitation.  The  tanks  are  generally  set  so  that 
solutions  gravitate  throughout  the  series,  and  the  necessary 
elevation  of  the  thick  underflow  is  made  either  with  diaphragm 
pumps  or  with  air  lifts. 

In  most  plants  where  continuous  decantation  has  been  suc- 
cessfully used,  underflows  of  35  to  40%  moisture  are  usually 
maintained  and  solution  equal  to  from  4  to  6  times  the  weight 
of  the  ore  is  clarified  and  precipitated.  Under  these  conditions, 
the  recovery  of  dissolved  metals  is  excellent,  but  the  loss  of 
cyanide  is  higher  than  with  filters. 

This  mechanical  loss  of  cyanide  is  recognized  as  one  of  the 
principal  factors  limiting  the  use  of  continuous  decantation 
without  filters,  where  even  moderately  strong  solutions  are 
used.  Solutions  of  less  than  ^  lb.  KCy  are  seldom  precipitated 
in  American  practice,  and  at  this  strength,  the  mechanical  loss 
in  the  final  residue  will  vary  from  l^  lb.  to  as  high  as  1  lb., 
depending  on  underflow  moistures.  In  milling  silver  ores,  there 
will  be  an  additional  loss,  owing  to  the  fact  that  dissolution  of 
the  metal  continues  as  long  as  the  slime  is  in  contact  with 
solution. 

The  actual  operating  cost  of  the  thickeners  is  very  low,  and 
the  simplicity  of  the  plant,  enabling  labor  and  supervision  to  be 
reduced  to  a  minimum,  must  appeal  strongly  to  operators  of 
small  plants. 

As  a  most  interesting  adaptation  of  continuous  decanta- 
tion and  vacuum  filtration,  may  be  cited  the  practice  at  the 
recently  enlarged  HoUinger  mill  at  Porcupine.  Small  thicken- 
ers, operating  as  classifiers,  separate  the  tube-mill  product  into 
amorphous  and  granular.  The  former  is  thickened  and  sent  to 
a  vacuum  filter  for  washing,  without  other  agitation  than  that 
obtained  in  grinding,  pumping  and  thickening. 

The  granular  portion  is  concentrated,  thickened,  agitated, 
and  then  sent  to  counter-current  decantation  tanks  for  wash- 
ing. This  system  eliminates  amorphous  or  colloidal  material 
from  the  bulk  of  the  tonnage,  where  a  very  thick  underflow  is 
imperative,  and,  at  the  same  time,  furnishes  a  satisfactory 
product  for  the  filter. 
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The  following  data  on  connter-earrent  decantation  appears 
in  Maurice  Summerhayes'  article  on  the  Porcupine  Crown  Mill 
(Min,  &  Sci.  Pregs,  July  18,  1914).  At  this  plant  counter- 
current  washing  is  carried  out  in  four  settlers  in  series,  under- 
flows of  30  to  35%  moisture  being  regularly  obtained.  Daily 
ore  tonnage  is  120,  and  4.06  tons  of  solution  are  precipitated. 
The  solution  going  to  the  first  of  the  washing  thickeners  carries 
$1.74,  and  the  overflow  of  the  final  thickener,  $0.10.  Loss  in 
dissolved  gold  is  $0,043  per  ton  milled,  total  ECy  consumption 
being  0.74  lbs.,  of  which  0.32  lbs.  is  mechanical  loss. 

Operating  costs  for  April,  1914,  are  given  as  follows: 

^  _  _  Total  Cost 

Wages 

flolutions   $208.11 

Precipitation  128.96 

Thickeners  215.72 

Clarifying  110.56 

Agitation  120.95 

Refining  271.08 

Total  $0.55 

Thus  the  cost  of  dissolution  and  counter-current  washing 
approximates  $0.30  per  ton,  with  clarifying,  precipitation  and 
refining  at  $0.25  per  ton. 

Intermittent  Decantation. 

This  procovss,  although  the  first  effective  solution  of  the 
slinio  treatment  problem,  is  now  confined  almost  exclusively  to 
Africa,  Its  continued  use  on  the  Rand  is  due  to  several  factors, 
the  chief  of  which  are  the  remarkably  low  solvent  strengths 
necessary  to  effect  dissolution,  and  the  ability  to  precipitate 
solutions  containing  only  0.15  lbs.  of  cyanide  per  ton.  Of  equal 
importance,  as  already  pointed  out,  is  the  remarkably  complete 
settling  normally  obtained. 

Tanks  seventy  feet  in  diameter  by  twelve  feet  deep  are  com- 
monly ustnl  in  the  largi^r  plants,  with  transfer  pumps  which 
luuuUe  a  charge  of  1800  tons  of  pulp  in  from  60  to  90  minutes. 
Two  dtvantations  are  usually  given,  one  in  the  treatment  tank 
atitl  one  ill  the  washing  tank.  A  third  decantation  is  added  in 
spivial  oasos.    The  volume  of  solution  prtvipitated  is  from  three 


Material 

$422.86 

292.50 

4.21 

Power 

$24.97 
24.75 
67.3'3 

Per  Toi 

$0.18 
0.12 
0.08 
0.03 

0  04 

92.11 

0.10 
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to  four  tons  per  ton  of  slime  handled,  the  cyanide  strength 
averaging  from  0.005  to  0.01%  in  KCy. 

Since  the  operations  of  dissolution  and  washing  are  here 
so  closely  linked,  separate  costs  of  the  two  operations  are  not 
obtainable.  In  discussing  the  Butters  filter  on  the  Band,  the 
writer  has  already  brought  out  the  relative  costs  of  decanta- 
tion  and  filtration  plants.  Unquestionably,  the  weakest  point 
in  decantation,  as  practiced  on  the  Rand,  is  the  liability  to 
serious  loss,  due  to  poor  settling  and  imperfect  precipitation 
during  the  winter  months.  This  danger  is  largely,  but  not 
entirely,  obviated  by  the  use  of  filters.  In  this  connection,  it 
should  be  borne  in  mind  that  all  the  Rand  plants  have  an  im- 
portant safety  factor,  in  that  part,  at  least,  of  the  dissolved 
value  sent  to  the  residue  slime  dams  is  recovered  in  the  operation 
of  the  return-water  system. 

CONCLUSION. 

Unquestionably,  the  handling  of  slime,  as  produced  from 
the  operation  of  the  cyanide  process,  has  reached  a  point  where 
no  further  radical  changes  should  be  expected.  The  operation 
of  separating  the  dissolved  metal  from  the  treated  residue  may 
now  be  carried  out  at  a  cost  of  $0.05  per  ton,  under  favorable 
conditions,  and  recoveries  of  98  and  99%  are  not  at  all  unusual. 
The  mechanics  of  the  various  machines  will,  of  course,  be  modi- 
fied and  improved  to  suit  the  needs  of  special  problems,  and 
there  is  always  the  possibility  of  reducing  capital  cost.  In  com- 
parison, however,  with  the  development  of  the  last  ten  years, 
these  further  modifications  will  be  relatively  unimportant. 
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6     Caldecott  Diaphragm  Cone  Classifier.    Aug.  10,  1912. 
6     Esperanza  Drag  Classifier.    F.  MacCoy,  Sept.  28,  1912. 
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Index 
No. 

5  Chilean  Mills  and  Tube  Mills  at  Beal  del  Monte,  Mexico.     V.  B. 

Sherrod,  1909. 
3    Fine  Crushing  in  Pebble  Mills.    M.  Dairidsen,  May,  1905. 

11  Economies  of  Tube  Milling.    H.  W.  Fox,  June,  1908. 

3     The  Tube-Mill  Circuit  and  Classification.    G.  O.  Smart,  Feb.,  1910. 
2    Grading  Analyses  and  their  Application.    H.  Stadler,  YoL  19,  1910. 

Settling  and  Agitating. 

2  Method  of  Settling  Slimes.    H.  G.  Nichok,  Vol.  17,  1908. 

1    The  Chemical  Control  of  Slimes.    H.  E.  Ashley,  Vol.  41,  1910. 

7    Sand,  Slime  and  Colloids  in  Ore  Dressing.    G.  Caetani,  Mar.  22,  1913. 

6  SettUng  Slimes  at  the  Tigre  (Mexico)  Mill.    B.  T.  Mishler,  Oct.  5, 

1912. 
1    Parral  Tank  System  of  Agitation.   B.  MacDonald,  VoL  42,  1911. 

7  Air-Lift  Pumping  (abstract  from  Oil  Industry).    E.  A.  Bix,  Oct.  15, 

1910. 

1  The  Dorr  Hydrometallurgical  Apparatus  (Classifier,  Thickener,  Agi- 
tator).  J.  V.  N.  Dorr,  Aug.,  1914. 

7  Trent  Agitators  at  West  End  Mill,  Tonopah,  Nevada.  J.  A.  Car- 
penter, May  3,  1913. 

12  Hendryx  Agitator  Tests,  Rand.    Feb.,  1913. 

5  Continuous  Pachuca  Tank  Agitation  at  the  Esperanza,  Mexico.  M.  H. 

Kuryla,  1910. 

Filtration. 

1  Slime  Filtration.  (General  Discussion  of  various  types  and  experi- 
ments)    (Resume)     G.  J.  Young,  Vol.  42,  1911. 

7    Filter  Pressing — Kalgoorlie.    M.  W.  von  Bemewitz,  Sept.  17,  1910. 

7  Operation  of  the  Oliver  Filter  in  the  Globe  Mill.  H.  A.  Morrison  and 
H.  G.  Thomson,  Oct.  10,  1914. 

6  Burt  Revolving  Pressure  Filter.     C.  E.  Rhodes  and  A.  B.  Meyers, 

June  13,  1914. 

7  Pressure  Filtration.    E.  J.  Sweetland,  Dec.  25,  1909. 

9    Vacuum  Slime  Filtration  (Butters).    H.  F.  Julian,  Oct.,  1911. 
10    Vacuum  Filtration  on  the  Rand  (Butters).    Jan.  6,  1912. 

3  Moore  Vacuum  Filter  at  Waihi,  N.  Z.    Wm.  MacDonald,  May,  1913. 

DISCUSSION 

^^'  Ifr.  Clias.  Batters,*  Mem.  Am.  Inst.  M.  E.,  expressed  the  opinion  that 

Butters,  developments  would  take  place  in  the  future  which  would  greatly  accel- 
erate the  settling  of  slime.  He  also  expressed  the  idea  that  it  might  be 
possible  in  the  future  to  construct  a  filter  that  would  not  only  separate 
solids  from  liquids,  but  dissolved  salts  as  well. 

*  Oakland,  Calif. 
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Ifr.  C.  T.  I>i]BeU,t  Mem.  Am.  Inst.  M.  E.^  called  attention  to  the  dif-  ^i*. 
ficulty  at  times  encountered  in  connection  with  the  settling  of  slime.  He  ^^^^* 
advanced  the  theory  that  this  was  largely  due  to  entrained  air  in  the 
slime  floes,  so  that  instead  of  settling,  the  process  of  flotation  was  being 
stimulated.  He  said  that  colloids  have  been  frequently  blamed  for  this 
trouble,  but  that,  in  his  opinion,  air  is  the  real  culprit.  He  also  thought 
that  with  improvements  in  settling^  filtration  would  be  unnecessary. 

Mr.  E.  L.  011ver,{  Mem.  Am.  Inst.  M.  E.,  stated  that  in  the  giving  of     Mr. 
cost  data  in  a  paper  of  this  kind,  a  unit  system  should  be  adopted;  for  ^li^®'- 
instance,  the  cost  of  labor  is  given  for  certain  operations,  but  the  labor 
may  cost  $4  per  day  or  it  may  cost  $1  per  day. 

t  Los  AoKelet,   Calif. 
8  San  Francisco,  Calif. 
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G.  H.  CLEVENGER,  Mem.  A.  I.  M.  E. 

Professor  of  Metallurgy 

Leland  Stanford  Jr.  University,  Calif.,  U.  8.  A. 


Since  the  inception  of  the  cyanide  process  it  has  been  the 
ambition  of  inventors  to  accomplish  the  operation  of  precipita- 
tion in  conjunction  with  that  of  solution.  The  Pelatan-Clerici 
process  at  the  De  Lamar  Mine,  Idaho,  and  the  Gilmour  and 
Young  process  at  the  Santa  Francisco  Gk)ld  Mine,  Nicaragua, 
were  examples  of  such  processes  which  met  with  a  certain  de- 
gree of  success.  Neither  process  has  been  in  operation  for  a 
number  of  years.  Numerous  attempts  have  been  made  to  pre- 
cipitate gold  and  silver  dissolved  in  cyanide  solutions  elec- 
trolytically  from  ore  pulps  upon  metallic  plate  cathodes;  but, 
when  the  difficulties  of  electrolytic  precipitation  from  clear  so- 
lutions are  recalled,  it  is  not  surprising  that  with  the  added 
difficulties  due  to  the  presence  of  the  ore  these  attempts  should 
have  failed.  One  of  the  supposedly  strong  points  of  such  a 
process  is  the  possibility  of  dispensing  with  filtration ;  but,  even 
if  a  reasonable  degree  of  success  be  conceded  to  the  process, 
filtration  or  some  other  effective  method  for  separating  the 
waste  solids  from  the  solution  must  be  practiced  if  the  solvent 
is  recovered,  and,  as  recovery  of  the  solvent  is  of  vital  im- 
portance to  the  economical  operation  of  the  cyanide  process, 
there  would  appear  to  be  nothing  to  be  gained  by  incurring  the 
greater  difficulty  of  attempting  to  precipitate  gold  and  silver 
from  the  pulp  rather  than  from  the  separated  solution. 

In  present  day  practise,  the  solution  is  invariably  sepa- 
rated from  the  waste  solids  before  precipitation  is  attempted. 
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In  the  past,  it  has  been  argued  that  complete  removal  of  the 
suspended  matter  from  the  solution  is  not  essential  to  good 
precipitation  and  that,  inasmuch  as  sand  is  generally  added  to 
the  precipitate  as  a  flux  before  melting,  it  is  a  useless  refine- 
ment to  clarify  solution  before  precipitation.  However,  it  is 
now  generally  conceded  that  suspended  matter  in  the  pregnant 
solution  interferes  with  efficient  precipitation,  on  account  of  pre- 
venting proper  contact  of  the  solution  with  the  precipitant.  Fur- 
thermore, the  light  flocculent  solids  remaining  in  suspension  in 
the  solution  are  the  most  refractory  portions  of  the  ore.  Instead 
of  functioning  as  a  useful  flux,  they  actually  cause  a  greater 
consumption  of  fluxes  and,  in  general,  add  difficulty  to  the 
melting  operation.  It  may,  therefore,  be  taken  as  axiomatic 
that  only  clear  solution  should  be  precipitated. 

The  solutions  resulting  from  sand  leaching  are,  in  general, 
sufficiently  clear  for  precipitation,  but  the  solutions  resulting 
from  slime  treatment  carry  more  or  less  solid  matter  in  sus- 
pension and  require  clarifying  before  precipitation.  When 
combined  sand  and  slime  treatment  is  used,  a  considerable  pro- 
portion of  the  pregnant  solution  resulting  from  slime  treatment 
can  be  advantageously  clarified  and  built  up  in  value  by  using 
it  as  the  first  washes  upon  the  sand.  But  the  sand  plant  <;an- 
not  be  entirely  depended  upon  for  clarifying  the  slime-plant 
solution;  hence,  even  when  there  is  a  sand  plant,  auxiliary 
means  for  clarification  should  be  provided. 

The  oldest  and  perhaps  the  simplest  type  of  clarifying 
device  is  a  tank  arranged  for  leaching,  filled  preferably  with 
rather  coarse  waste  sand.  The  layer  of  slime  formed  on  top 
of  the  sand,  which  gradually  causes  the  leaching  rate  to  de- 
crease, is  removed  at  frequent  intervals,  or  the  whole  of  the 
sand  is  removed,  washed  and  replaced.  Frequent  attention  is 
essential  if  the  original  capacity  is  to  be  maintained.  Clari- 
fiers  of  this  type  have,  at  times,  served  their  purpose,  but  they 
are  cumbersome,  of  relatively  small  capacity,  and  require  con- 
siderable labor. 

Various  adaptations  of  the  leaf  filter,  either  operated  by 
gravity  or  vacuum,  have  also  been  used. 

An  expedient  which  is  sometimes  used  in  conjunction  with 
zinc  shaving  precipitation  is  to  fill  the  head  compartments  of 
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the  box  with  excelsior  or  other  fibrous  material.    This  must  be 
removed  at  frequent  iutervals  and  washed. 

At  the  present  time,  the  Merrill  clarifying  filter  press  pre- 
sents the  highest  development  in  clarifying  devices.  The  im- 
proved model  is  shown  in  Figs.  1  and  lA.  It  will  be  noted  that 
it  is  an  adaptation  of  the  plate  and  distance  frame  type  of 
filter  press  so  arranged  that  the  solids  may  be  discharged  from 
the  chambers  and  the  cloths  washed  without  opening  the  press. 


m.  lA.    nitar  Flat*  o[  OUrlfjrins  Frtu. 

In  this  model  the  frames  are  made  one  inch  in  thickness,  just 
sufficient  for  properly  introducing  the  sluicing  nozzle.  The 
manually-operated  sluicing  bar  located  at  the  bottom  of  the 
frames  of  the  earlier  type  has  been  replaced  by  a  motor-driven 
bar  located  at  the  center  of  the  frames.  These  changes  have 
resulted  in  a  compact  machine  which  uses  the  minimum  of 
sluicing  water.  The  criterion  of  capacity  of  clarifying  devices 
is  the  number  of  square  feet  of  filtering  surface.    The  number 
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of  square  feet  of  filtering  surface  required  per  ton  of  solution 
clarified  per  twenty-four  hours  depends,  in  any  particular  case, 
upon  the  nature  and  amount  of  solids  to  be  removed  from  the 
solution.  Costs  are  also  quite  variable,  depending  to  a  con- 
siderable extent  upon  local  conditions.  Results  are,  therefore, 
given  for  two  rather  widely  separated  mills,  which  may  be 
taken  as  indicative  of  general  practise. 

At  the  Hollinger  Mill,  Porcupine,  Ontario,  Canada,  treat- 
ing 500  tons  of  ore  per  day,  1500  tons  of  solution  are  clarified 
by  two  20-frame  36-iiich  clarifiers  (a  total  of  560  square  feet  of 
filtering  area).  Each  clarifier  is  sluiced  every  8  hours.  Below 
are  given  detailed  costs  of  clarification  at  this  plant : 

Per  ton  of  ore   Per  ton  of  solution 

Power  for  pumping  at  $50.00  per  hp.-yr.  0.224  cents         0.074  cents 

Canvas  0.028      ' '  0.009      ' ' 

Acid  treatment  0.044     "  0.015      " 

Total  0.296  cents        0.098  cents 

No  charge  is  made  at  this  plant  for  labor,  as  the  number 
of  men  employed  in  the  mill  is  not  increased  by  the  clarifiers. 

At  the  Portland  Mill,  Colorado  Springs,  Colorado,  U.  S. 
A.,  treating  350  tons  of  ore  per  day,  1200  tons  of  solution  are 
clarified  by  one  30-frame  36-in.  clarifier  (420  square  feet  of 
filtering  area).  The  clarifier  is  sluiced  every  4  hours.  Below 
are  given  detailed  costs  of  clarification  at  this  plant : 

Per  ton  of  ore    Per  ton  of  solution 

Operating  labor  0.13  cents  0.038  cents 

Repair  labor  0.12      **  0.035      " 

Acid  treatment  0.07      "  0.021      " 

Power 0.40      *'  0.116      '' 

Lights   0.02      "  0.005      '* 

Total  0.74  cents        0.215  cents 

No  charge  is  made  at  this  plant  for  filter  cloth,  as  dis- 
carded cloths  from  the  slime  presses  are  used  for  the  clarifying 
press. 
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(XASSIFICATION    OF   VARIOUS    METHODS    O^   PRECIPITATION, 

USED  AND  PROPOSED. 

'^  (a)     Iron    anode;    lead    cathode;    low    current    density;    adherent 
deposit. 


Electrolytic      h 


(b)  Peroxidized    lead    anode;    tin    plate    cathode;    high    current 
density;  non-adherent  deposit. 

(c)  Peroxidized    lead    anode;    lead   plate    cathode;    high    current 
density;   adherent  deposit. 

(d)  Indirect  electrolytic  processes   (Have  only  been  investigated 
experimentally ) . 


r  Gaseous 
Liquid 


Ohemlcal 


I  Only  example;  possibly  occluded  gases  in  charcoal. 


Solid 


Sodium   sulphide    (Proposed   for  precipitating   silver). 
Cuprous  salts  in  acid  solution. 

Non -metallic      S    Charcoal 

. '' 

Sodium  -< 


Metallic      ^ 


In  form  of  amalgam, 
generally  produced  by 
electrolysis 


Aluminum 


Shaving 
Dust 


f  Discs 
Zinc  -<   Shaving 

Electrolytic  Precipitation. 

A  cyanide  process  of  ore  treatment  involving  electrolytic 
precipitation  was  invented  by  Dr.  Siemens  at  about  the  same 
time  that  MacArthur  and  Forrest  invented  their  cyanide  proc- 
ess involving  zinc-shaving  precipitation.  However,  little  was 
done  with  electrolytic  precipitation  until  the  problem  of  pre- 
cipitating the  solutions  resulting  from  slime  treatment  arose 
in  South  Africa,  through  the  inability  of  zinc  shaving  precipi- 
tation, as  then  practiced,  to  cope  with  such  solutions.  In  the 
Siemens-Halske  process,  as  practiced  in  South  Africa,  the 
wooden  containing  box,  although  larger,  had  the  same  general 
arrangement  as  the  boxes  used  for  zinc-shaving  precipitation, 
i.  e.,  wide  compartments  containing  the  iron  anodes  and  lead- 
foil  cathodes  through  which  the  solution  had  an  upward  flow, 
alternated  with  narrow  compartments  which  only  served  for 
the  downward  flow  of  the  solution.  A  low-^current  density  was 
employed,  resulting  in  a  coherent  deposit.  The  gold  was  re- 
covered from  the  foil  cathodes  by  cupellation. 
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The  introduction  of  the  lead  couple  and  a  drip  of  strong  so- 
lution, which  is  not  always  used,  rendered  zinc-shaving  precipita- 
tion satisfactory  upon  dilute  slime  solutions.  Following  this  im- 
provement in  zinc-shaving  precipitation,  there  was  a  long  and 
bitter  controversy  regarding  the  relative  merits  of  the  two 
methods  of  precipitation  for  slime  solution,  since  electrolytic  pre- 
cipitation never  had  been  much  favored  for  precipitating  the 
stronger  solutions  resulting  from  the  treatment  of  the  sand.  The 
final  result  was  that  electrolytic  precipitation  was  entirely  dis- 
placed by  modified  zinc-shaving  precipitation.  Later,  Chas. 
Butters,  who  had  been  identified  with  the  introduction  of  the 
Siemens-Halske  process  into  South  Africa,  adopted  electrolytic 
precipitation  for  mills  in  which  he  was  interested  at  San  Sebas- 
tian, Salvador,  Minas  Prietas,  Mexico,  and  Virginia  City,  Nevada, 
U.  S.  A.,  largely  on  account  of  the  possibility  of  the  interfer- 
ence with  zinc-shaving  precipitation  of  the  copper  present  in 
the  material  to  be  cyanided.  An  entirely  new  practice  was 
evolved,  which,  at  least  upon  the  material  treated,  seemed  to 
present  certain  advantages  over  the  Siemens-Halske  process. 
The  changes  inaugurated  at  the  outset,  or  later  developed,  con- 
sisted of  the  use  of  a  peroxidized  lead-plate  anode,  a  tin-plate 
cathode  and  a  sufficiently  high  current  density  to  give  a  non- 
coherent deposit,  the  idea  being  to  collect  the  precipitated  metals 
as  a  sludge  at  the  bottom  of  the  box,  as  in  zinc-shaving  pre- 
cipitation. The  electrolytic  precipitation  box,  used  at  Virginia 
City,  is  shown  in  Figure  2.  At  San  Sebastian  this  practice  was 
modified  to  the  extent  of  substituting  a  lead  plate  for  the  tin- 
plate  cathode.  Although  the  current  density  was  higher  than 
any  of  the  other  plants  where  the  predominant  metal  precipi- 
tated was  silver,  on  account  of  the  solutions  containing  only 
gold  with  copper  as  the  predominant  metal,  a  coherent  deposit 
was  obtained.  The  copper  and  gold  were  separated  from  this 
deposit  by  an  ingenious  method  of  electrolytic  refining,  which 
has  been  described  elsewhere.  A  small  installation  closely  fol- 
lowing the  Butters  practise  was  installed  and  in  use  a  short 
time  at  the  El  Rayo  Mine,  Mexico.  With  the  exception  of 
Minas  Prietas,  these  plants  followed  electrolytic  precipitation 
with  zinc  precipitation  for  all  the  solution  which  they  wished 
to  render  entirely  barren  for  final  washes.    Eventually,  in  all 
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of  these  plants  electrolytic  precipitation  was  superseded  by 
zinc  precipitation.  This  was  possible  on  account  of  the  changes 
in  the  character  of  the  material  treated,  as  well  as  through  a 
more  thorough  understanding  of  the  possibilities  of  zinc  pre- 
cipitation. 

The  following  table  on  page  370  gives  the  essential  features 
commercial  electrolytic  precipitation  as  practiced  in  the  past  at 
various  plants. 

Both  the  cost  of  installation  and  operation  of  electrolytic 
precipitation  are  higher  than  zinc  precipitation.  In  South 
Africa,  it  has  been  estimated  that  the  cost  of  a  Siemens-Halske 
plant  for  precipitating  the  solution  from  a  500-ton  slime  plant 
would  be  $12,537.11,  while  a  zinc-shaving  plant  for  using  the 
lead  couple  would  cost  $2,128.44. 

Six  standard  electrolytic  precipitation  boxes,  at  Minas 
Prietas,  Mexico,  cost  $20,005.00,  while  six  standard  boxes  of 
somewhat  more  elaborate  design,  at  Virginia  City,  Nevada,  U. 
S.  A.,  cost  $18,503.00. 

Minas  Prietas  was  the  only  plant  upon  the  American  con- 
tinent to  use  electrolytic  precipitation  exclusively.  I  am  in- 
debted to  Mr.  M.  F.  Perry  for  the  average  cost  of  operation 
covering  a  period  of  six  years : 

Power  $0,083 

Labor    037 

Supplies    031 

Depreciation   040 


Total  per  ton  of  ore $0,191 

One  of  the  great  problems  of  electrolytic  precipitation  is 
the  formation  of  by-products,  which  invariably  contain  the 
precious  metals.  These  are  largely  the  result  of  disintegration 
of  the  anodes.  Despite  the  disadvantages  of  electrolytic  pre- 
cipitation, there  are  possibly  cases  which  may  arise,  where 
there  is  considerable  base  metal  to  deal  with,  when  it  would 
be  the  only  resort.  It  is  also  possible  that  certain  of  the  diffi- 
culties of  electrolytic  precipitation  may  be  eventually  over- 
come. 
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Charcoal. 

The  use  of  charcoal  as  a  precipitant  has  been  almost  ex- 
clusively confined  to  the  Victoria  District  of  Australia.  Wm. 
Davis  found  in  chlorination  that  12.46  parts  of  charcoal  were 
required  per  1  part  of  gold  precipitated,  while  John  I.  Lowles 
states  that  at  one  Victorian  cyanide  plant,  208.3  parts  of  char- 
coal were  required  for  1  part  of  gold.  This  shows  very  clearly 
the  lower  efficiency  of  charcoal  when  used  with  cyanide  so- 
lutions. The  exact  action  of  char-coal  in  precipitation  is  un- 
known but  its  behavior  as  a  precipitant  is  generally  attributed 
to  occluded  gases,  carbon  monoxide,  hydrogen  or  hydrocarbons. 
Charcoal  which  has  become  inactive  through  use  as  a  precipitant 
again  becomes  active  upon  heating.  This  is  probably  due  to 
the  formation  of  carbon  monoxide  in  the  pores  of  the 
charcoal. 

The  weak  points  of  charcoal  precipitation  are  the  enormous 
surface  necessary  for  efficient  precipitation  and  the  practical 
difficulties  encountered  in  recovering  the  gold  from  the  large 
bulk  of  charcoal.  One  very  interesting,  and  to  my  mind  im- 
portant, peculiarity  of  charcoal  is  that  the  weaker  the  solu- 
tion the  more  favorable  it  is  for  precipitation.  This  is  just  the 
reverse  of  zinc  precipitation.  The  most  difficult  condition  for 
zinc  precipitation  to  meet  is  a  solution  containing  but  a  trace 
of  cyanide.  If  the  general  principle  of  precipitation  with  oc- 
cluded gases  could  be  applied  in  a  more  efficient  manner  than 
in  charcoal  precipitation,  it  would  appear  to  offer  a  possible 
solution  of  the  perplexing  problem  of  precipitating  unusually 
dilute  solutions. 

Almninum. 

Aluminum  was  originally  proposed  ai^  a  precipitant  by 
Moldenhauer,  more  than  twenty  years  ago,  but  it  was  not  un- 
til applied  in  the  form  of  dust  by  Kilpatrick,  in  1908,  at  the 
plant  of  the  Deloro  Mining  and  Reduction  Company,  for  pre- 
cipitating high-grade  silver  solutions,  that  it  became  a  com- 
mercial success.  Later  it  was  adopted  by  the  0  'Brien  Mill  and 
the  Nipissing  Mills,  in  the  Cobalt  District,  for  precipitating 
low-grade  silver  solutions. 

Aluminum-dust  differs  from  zinc-dust  precipitation  in  that 
violent  agitation  is  necessary  to  wet  it  and  a  longer  period  of 
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contact  with  the  solution  is  required.  This  end  is  accomplished 
at  the  Deloro  and  O'Brien  plants  by  means  of  a  vortez  agitator, 
as  shown  in  Fig.  3.  At  the  Nipissing  Mill  a  simpler  form  of 
agitator,  as  shown  in  Pig.  4,  has  been  found  effective.  It  is 
also  essential  that  caustic  soda  be  present  in  the  solution,  and 
lime  avoided  as  far  as  possible. 

Estimated  comparative  costs  of  zinc  and  aluminum-dust 
precipitation  indicate  that,  unless  credit  be  given  for  a  saving 


Fig.  3.    Almninnn  Dntt  FiMlplUttMi. 

in  cyanide,  the  cost  of  aluminum  precipitation  would,  in  gen- 
eral, be  greater.  However,  a  lowering  of  the  cost  of  aluminum 
dust  or  a  rise  in  the  cost  of  zinc  dust  might  give  aluminum  dust 
the  advantage. 

The  superior  regeneration  of  cyanide  has  been  claimed  as  a 
distinct  advantage  for  aluminum  precipitation,  but  this  conten- 
tion has  never  been  proven  by  working-scale  parallel  tests  with 
zinc  precipitation  upon  the  same  ore.    An  equivalent  weight  of 
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aluminam  is  very  much  more  efficient  than  zinc,  both  theo- 
retically and  practically,  hut  this  advantage  may  he  offset  by 
the  higher  cost  of  aluminuiii  dust.  As  the  presence  of  caustic 
soda  is  absolutely  essential,  aluminum  precipitation  cannot  be 
used  when  caustic  soda  in  the  solution  is  harmful.  But,  on  the 
other  hand,  any  appreciable  amount  of  caustic  soda  in  solution 
is  harmful  in  all  forms  of  zinc  precipitation.  "When  caustic 
soda  is  beneficial  to  extraction,  other  conditions  being  favor- 
able, aluminum  precipitation  could  be  used  to  advantage.   This 


Tig.  1.    Alamlnom  I>iiit  FiMlpIteUon. 

is  also  true  when  there  are  elements  in  the  ore,  as  for  example, 
arsenic,  which  are  dissolved  by  the  solution  and  which,  in  the 
presence  of  zinc,  interfere  with  extraction.  Zine  dissolved  dur- 
ing precipitation  may  perform  the  useful  function  of  keeping 
the  solution  free  from  various  deleterious  substances,  as  for 
example,  soluble  sulphides,  but  aluminum  in  solution  is  of  no 
value  for  this  purpose. 

So  far  as  I  am  aware,  there  have  been  only  three  commer- 
cial installations  of  aluminum-dust  precipitation  and  these  have 
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been  used  for  precipitating  silver  solutions.      There  are,  there- 
fore, no  data  regarding  its  behavior  upon  a  working  scale  with 
gold  solutions.    Small-scale  tests  seem  to  indicate  that  it  would 
not  be  as  satisfactory  for  this  purpose  as  zinc  dust. 
Zinc  Shaving. 

Zinc  shaving,  the  earliest  used  commercial  precipitant,  is 
still  an  important  method  of  precipitation.  The  general  prin- 
ciple of  dividing  a  rectangular  box  or  arranging  individual 
units  so  that  there  are  alternate  wide  and  narrow  compart- 
ments, the  wide  compartments  containing  the  zinc  shavings, 
supported  upon  suitable  screens,  serving  for  the  upward  flow 
of  the  solution,  with  the  narrow  compartments  merely  serving 
for  the  downward  flow  of  the  solution,  has  never  been  departed 
from  in  zinc-shaving  precipitation.  The  tendency  in  recent 
years  has  been  to  decrease  the  number  but  to  increase  the  size 
of  the  compartments.  Both  wood  and  sheet  steel  have  been 
used  in  the  construction  of  precipitation  boxes.  The  difficulty 
of  making  this  particular  form  of  construction  in  wood  so  that 
it  will  not  leak  has  led  to  the  very  general  use  of  steel  for  this 
purpose.  Steel  has  at  times  been  condemned  on  account  of  the 
fact  that  it  forms  a  galvanic  couple  with  the  zinc,  which  causes 
a  greatly  increased  zinc  consumption.  This  would,  perhaps,  be 
true  if  the  steel  remained  bright,  but  it  is  customary  to  protect 
steel  boxes  by  a  protective  coating  of  inert  aaphaltic  paint  and, 
furthermore,  after  the  boxes  have  been  in  operation  for  a  time, 
a  deposit  of  lime  scale  forms,  which  is  quite  an  effective  coat- 
ing. In  precipitating  solutions  containing  silver,  it  sometimes 
happens  that  the  interior  of  a  steel  box  becomes  silver  plated. 
This  phenomenon  is  not  entirely  under  control,  but  when  it 
occurs,  it  forms  excellent  protection  for  the  iron. 

A  generally  aeeypted  figure  for  zinc-box  capacity  has  been 
to  provide  one  cubic  foot  of  zinc  for  each  ton  of  solution  pre- 
cipitated per  twenty-four  hours.  However,  if  the  boxes  are 
given  the  proper  attention,  this  figure  is  higher  than  is  nec- 
""""~y-  It  is  obvious  that,  if  little  attention  is  to  be  paid  to 
acking  of  the  boxes,  a  larger  volume  of  zinc  must  be  pro- 

[  to  mitigate  the  evils  of  channeling.    On  the  other  hand, 
very  frequent  packing,  satisfactory  results  may  be  at- 

d  with  a  very  small  zinc-box  capacity;  but  perhaps  at  the 
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expense  of  a  somewhat  increased  zinc  consumption  on  account 
of  the  extra  handling.  Below  are  given  the  essential  features  of 
zinc-box  precipitation  at  a  number  of  widely  separated  plants : 

Details  of  Zlnc-Sliayixig  Precipitation.  Ca.  ft.  of 

zinc  per  tou 

of  solution 

Name  of  Plant  Type  Size  of  precipitated 

of  ore         compartments        P®^   ^^ 

hours 

San  Rafael,   Pachuca.   Mexico Silver-gold     33"  x  38"  x  30" 

Loreto,   Pachuca.    Mexico Silver-gold     36"  x  48"  x  30"  0.75 

Dos   Estrellas,   El  Oro,   Mexico Silver-gold     30"  x  30"  x  24"  0.65 

£1    Oro    Mining    ft    Railway.    El    Oro, 

Mexico    Gold-silver     36"  x  48"  x  24" 

Guanajuato    Consolidated,    Guanajuato, 

Mexico    Silver-gold     36"  x  48"  x  18"  0.40 

Guanajuato    Reduction    ft    Mines    Co.. 

Guanajuato,    Mexico    Silver-gold     48"  x  48"  x  30"  1.06 

Divisadero,      San      Salvador,      Central 

America    Silver-gold     24"  x  36"  x  18"     0.54-0.81 

Golden  Cycle,  Colorado  Springs, 

U.    S.    A Gold  48"  X  24"  X  24"  0.56 

Tonopah     Extension,     Tonopah,     Nev., 

U.   S.  A Silver-gold     30"  x  34"  x  26"  0.93 

36"  X  34"  X  30" 

The  manner  of  packing  the  compartments  is  of  importance. 
In  the  United  States,  where  labor  is  high,  the  shaving  is  gen- 
erally introduced  in  tangled  masses,  just  as  it  is  collected  from 
the  lathe,  only  suflBcient  attention  being  given  to  the  boxes  to 
insure  low  tail  solutions.  In  Mexico  and  certain  other  coun- 
tries where  labor  is  cheap,  it  has  been  found  advantageous  to 
pay  more  attention  to  the  detail  of  the  manipulation  of  preci- 
pitation boxes.  At  the  El  Oro  plant,  a  number  of  years  ago, 
the  skein  method  of  packing  was  developed. 

This  was  adopted  at  a  number  of  other  plants  in  Mexico. 
The  shaving  is  made  into  skeins  3  to  5  inches  in  diameter  and 
of  such  a  length  as  to  reach  from  one  side  of  the  compartment 
to  the  other.  In  case  that  the  compartment  is  rectangular,  it 
is  necessary  to  make  half  the  skeins  the  length  of  the  short 
dimension  and  the  other  half  the  length  of  the  long  dimension. 
The  skeins  are  formed  by  a  boy  who  winds  the  shavings,  as 
they  come  from  the  lathe,  onto  a  reel.  In  packing  the  compart- 
ment, a  layer  of  skeins  is  closely  laid  upon  the  screen  at  the 
bottom,  the  next  layer  is  laid  at  right  angles  to  the  first,  and 
so  on  until  the  compartment  is  full.  Fig.  5  shows  a  typical 
wooden  precipitation  box  packed  in  this  manner.    This  results 
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in  a  uniform  and  compact  mass  of  zinc  shaving  which  does  not 
unduly  retard  the  flow  of  the  solution.  To  attain  the  full  bene- 
fit of  the  skein  method,  it  is  necessary  to  remove  all  the  skeins 
from  the  compartments  and  repack  as  soon  as  the  slightest 
channeling  is  evident.  Herein  lies  a  danger,  for  the  precipi- 
tate upon  the  surface  of  the  zinc  forms  a  powerful  catalytic 
agent  which  induces  rapid  oxidation  of  the  damp  zinc  shaving 
when  exposed  to  the  air.  This  action  goes  on  so  rapidly  at 
times  that  a  pile  of  coated  shaving  which  has  been  exposed  to 
the  air  during  the  interval  of  packing  a  compartment  will  be- 
come quite  hot.  When  packing  zinc  boxes,  partially  used  zinc 
should  at  all  times  be  kept  under  the  solution.  It  is,  there- 
fore, good  practice  to  keep  one  empty  compartment  near  the 
center  of  the  box  for  this  purpose.  In  general,  on  account  of 
breaking  and  oxidation,  the  less  the  zinc  is  handled,  consist- 
ent with  the  prevention  of  channeling,  the  better. 

The  two  bugbears  of  zinc-box  precipitation  are  **  short 
zinc"  and  ** white  precipitate'*.  The  short  zinc  is  ever  present, 
while  the  white  precipitate  is  an  occasional  malady.  The  short 
zinc  is  the  result  of  the  breaking  of  the  partially  decomposed 
shavings.  Formerly,  when  acid  treatment  of  the  precipitate 
was  practised,  it  was  disposed  of  by  treating  with  acid ;  but, 
since  acid  treatment  of  the  precipitate  has  been  abandoned  in 
the  majority  of  plants  treating  silver  ores  or  silver-gold  ores, 
other  methods  for  its  disposal  have  been  adopted.  A  simple, 
but  perhaps  not  always  effective,  method  is  to  pack  the  short 
zinc  with  the  fresh  zinc  added  to  the  head  compartments.  This 
means  considerable  handling  of  zinc,  which  is,  of  course,  ob- 
jectionable. The  equipment  of  one  or  more  of  the  head  com- 
partments of  the  precipitation  boxes  with  a  series  of  super- 
imposed shallow  trays,  upon  which  the  short  zinc  is  placed  as 
rapidly  as  removed  from  the  boxes,  has  proven  satisfactory  in 
most  cases.  ** White  precipitate''  not  only  interferes  with 
precipitation  on  account  of  coating  the  zinc  but  also  lowers  the 
grade  of  the  precipitate.  Generally,  it  is  the  result  of  the  low- 
ering of  the  concentration  of  the  cyanide  to  a  point  where  cer- 
tain of  the  dissolved  salts  are  thrown  out  of  solution  and,  as 
might  be  expected,  is  most  frequently  encountered  when  pre- 
cipitating weak  solutions.    Although  of  variable  composition, 
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the  most  effective  remedy  is  the  addition  of  cyanide.  Various 
couples  of  zinc  with  other  metals  have  been  proposed  and  tried 
as  precipitants,  but  the  only  couple  which  has  been  commonly 
used  is  lead.  All  commercial  sheet  zinc  contains  upwards  of 
1%  of  lead;  therefore,  the  lead  couple  is  involved  to  a  slight 
extent  at  all  times  in  zinc  shaving  ppecipitation.  The  lead 
couple  produced  intentionally  by  the  immersion  of  the  zinc 
shaving  in  solutions  of  lead  salts  is  now  only  used  for  precipi- 
tating very  dilute  solutions,  which  are  diflBcult  if  not  impos- 
sible to  precipitate  by  other  methods.  Its  present  use  is,  there- 
fore, almost  exclusively  confined  to  South  Africa  for  precipitat- 
ing gold  from  the  dilute  solutions  resulting  from  slime  treat- 
ment. It  is  also  useful  when  precipitating  solutions  containing 
copper.  The  zinc-lead  couple  is  only  effective  for  a  very  short 
time,  when  it  must  be  removed  and  repl&ced  by  freshly-dipped 
zinc  shavings.  This  would  constitute  a  heavy  consumption  of 
zinc  but  for  the  fact  that  the  inactive  precipitant  can  be  satis- 
factorily used  for  precipitating  stronger  solutions. 

Preparation  of  Zinc  Shavings. 

The  proper  preparation  of  the  zinc  shaving  is  a  matter  of 
vital  importance  in  this  form  of  precipitation.  In  order  to  in- 
crease the  surface  and  render  the  shavings  more  uniform,  it 
has  from  the  first  been  the  practise  to  cut  the  shavings  from  a 
mass  of  sheet  zinc,  suitably  held  together,  rather  than  from  a 
solid  zinc  casting.  The  thickness  of  the  shavings  depends  upon 
the  solutions  to  be  precipitated.  The  general  practise  in  pre- 
cipitating gold  solutions  where  the  maximum  surface  is  desir- 
able is  to  use  a  thin  shaving,  approximately  1/500"  thick. 
When  silver  predominates,  thicker  shavings  are  employed  to 
advantage.  The  earliest  form  of  zinc  lathe  was  merely  an  arbor 
similar  to  those  used  for  mounting  emery  wheels.  The  sheet 
zinc,  cut  in  the  form  of  discs  about  12  inches  in  diameter  and 
having  a  hole  cut  at  the  center  to  accommodate  the  shaft,  was 
clamped  in  the  arbor.  The  shavings  were  cut  by  means  of  a 
hand  chisel,  generally  made  from  an  old  file,  after  the  fashion 
of  ordinary  wood  turning.  The  results  obtained  depended 
much  upon  the  skill  of  the  operator.  At  best,  the  capacity  was 
small,  the  product  not  uniform,  and  usually  there  was  consid- 
erable waste.    The  next  development  was  to  form  a  bundle  of 
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zinc  by  winding  sheet  zinc  upon  a  wooden  or  steel  mandrel. 
This  was  mounted  in  an  ordinary  screw-cutting  lathe  and  the 
shavings  cut  from  the  end  of  the  bundle.  This  resulted  in  con- 
siderable improvement,  but  the  ordinary  screw-cutting  lathe, 
unless  of  heavy  construction  and  specially  modified  for  this 
service,  is  not  entirely  satisfactory.  The  earlier  types  of 
specially-built  automatic  lathes  were  not  built  heavy  enough 
and  had  no  arrangement  for  cooling ;  therefore,  they  could  not 
always  be  depended  upon  to  give  continuous  service.  Zinc 
varies  from  an  extremely  brittle  metal  to  a  comparatively  mal- 
leable one,  depending  upon  the  temperature.  As  considerable 
heat  is  developed  during  the  cutting  of  a  thick  mass  of  zinc,  it 
is  evident  that  means  for  cooling  to  the  most  advantageous 
temperature  should  be  provided.  Cooling  is  also  necessary  to 
prevent  superficial  oxidation  of  the  shavings. 

Recent  improvements  in  automatic  zinc-cutting  lathes  have 
been  along  the  lines  of  making  them  much  stronger  and  more 
rigid  and  also  providing  proper  provision  for  cooling.  It  is 
now  the  general  practise  in  America  to  cool  the  mandrel  by  cir- 
culating water  through  it.  A  plant  in  Mexico  City  for  the 
commercial  production  of  zinc  shavings  has  carried  cooling  to 
the  extent  of  circulating  brine  from  a  refrigerating  machine, 
at  -3°  centigrade,  through  the  mandrel  of  the  lathe. 

Another  method  of  cooling  has  been  to  use  a  drip  of  water 
upon  the  cutting  tool.  This  practise  is  condemned  by  some  op- 
erators, as  it  may  lead  to  oxidation  of  the  zinc,  and,  when  em- 
ployed, the  shavings  should  be  used  as  soon  as  possible.  In 
South  African  practise,  heavy  lathes  are  used,  but  there  does 
not  appear  to  be  the  care  taken  regarding  cooling  that  is  com- 
monly observed  in  this  country.  The  mandrels  used  hold  400 
to  500  pounds  of  sheet  zinc.  A  lathe  is  capable  of  cutting  30 
to  33  1/3  pounds  of  zinc  shaving  1/500  inch  thick  per  hour. 

At  present  the  highest  development  in  the  art  of  zinc- 
shaving  production  has  been  attained  by  the  Braun  Corpora- 
tion of  Los  Angeles,  California.  This  company  uses  two  lathes 
which  were  specially  designed  and  built  to  their  order.  Each 
weighs  3000  pounds  and  is  mounted  upon  a  special  concrete 
foundation.  The  essential  features  of  this  lathe  are  shown  in 
Figs.  6,  7  and  8.    The  mandrel  holds  1800  pounds  of  sheet  zinc, 
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and  each  lathe  cuts  83  1/3  pounds  of  zinc  shavings  1/500  inch 
thick  per  hour.  Aside  from  their  size  and  the  fact  that  a  cut 
is  taken  simultaneously  from  each  end  of  the  zinc  roll,  the 
novel  feature  of  this  machine  is  the  special  method  of  cooling 
the  mandrel,  which  is  a  hollow  cast-iron  drum,  24  inches  in 
diameter.  On  the  inner  surface  of  the  drum  is  a  series  of  cir- 
cumferential ridges,  or  fins,  for  dissipating  the  heat.  The  heat 
is  carried  away  from  the  drum  by  means  of  an  air  current  (pro- 
duced by  a  small  blower)  which  enters  at  one  end  of  the  drum 
through  one  of  the  hollow  supporting  trunnions  and  makes  its 
exit  through  the  other  trunnion.  The  dissipation  of  the  heat 
is  further  aided  by  introducing  with  the  air  a  spray  of  water, 
so  adjusted  that  most  of  the  water  is  evaporated.  The  shaving 
made  with  this  lathe  is  of  uniform  size  and  shows  no  evidence 
of  oxidation.  It  is,  therefore,  evident  that,  with  proper  pro- 
vision for  cooling,  the  capacity  of  zinc  lathes  may  be  greatly 
increased. 

Zinc  Wafers. 

MacArthur,  who  was  instrumental  in  introducing  zinc  shav- 
ing as  a  precipitant,  has  recently  described  the  zinc-wafer 
method  of  precipitation.  The  compartments  of  an  ordinary 
zinc-box  are  filled  with  wafers,  one  to  two  inches  long  and  one- 
quarter  to  one-half  inch  in  width,  cut  from  sheet  zinc.  Al- 
though the  method  has  been  used  with  apparent  success  at  two 
or  three  small  mines,  it  has  not  gained  general  favor. 

Zinc-Diist  Precipitation. 

The  first  use  of  a  pulverulent  precipitant  in  conjunction 
with  the  cyanide  process  was  the  utilization  of  zinc-dust  or 
zinc  fume,  a  by-product  of  zinc  smelting,  in  the  operation  of 
the  Sulman  and  Teed  bromo-cyanide  process.  The  original 
proposal  of  introducing  the  dust  into  a  cone,  through  which  the 
solution  flowed  upward,  never  met  with  much  favor,  presum- 
ably on  account  of  exposure  to  the  air  and  the  difficulty  of 
preventing  finely  divided  precipitate  from  overflowing  with  the 
solution  at  the  top  of  the  cone.  The  addition  of  zinc  dust  to 
the  sump  tank  during  air  agitation  of  the  solution,  previous 
to  the  pumping  of  the  whole  mixture  through  a  filter  press, 
was  first  introduced  by  Mr.  Chas.  W.  Merrill,  at  a  Montana 
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plant.  Although  a  similar  form  of  zinc-dust  -precipitation  was 
early  in  use  at  the  Golden  Gate  Mill,  Mercur,  Utah,  U.  S.  A.,  it 
remained  for  Mr.  Merrill  to  make  the  final  improvements  in 
zinc-dust  precipitation  after  he  had  introfluced  it  at  the  Home- 
stake  Mine,  Lead,  South  Dakota,  U.  S.  A.  In  the  original 
Homestake  installation,  a  filter  press  having  rectangular  frames 
was  employed.  The  zinc-dust  emulsion,  prepared  by  agitation 
of  a  weighed  amount  of  zinc  dust  with  a  small  amount  of  solu- 
tion in  a  closed  cone,  was  forced  out  through  a  rubber  hose 
attached  to  the  bottom  of  the  cone  and  sprayed  upon  the  sur- 
face of  the  solution  in  the  sump  while  undergoing  violent  air 
agitation.  As  soon  as  the  zinc-dust  emulsion  had  all  been  in- 
troduced, the  air  was  shut  off  and  the  whole  contents  of  the 
tank  pumped  into  the  filter  press. 

One  of  the  most  important  improvements  was  the  elimina- 
tion of  agitation  in  contact  with  air,  through  the  introduction 
of  the  zinc  dust  directly  into  the  suction  of  the  pump  by  means 
of  a  special  belt  feeder.  This  resulted  in  more  eflScient  pre- 
cipitation, as  well  as  in  considerable  saving  of  zinc,  sufficient 
agitation  being  realized  by  the  passage  of  the  solution  through 
the  pumps  and  pipe  lines.  As  a  matter  of  fact,  a  great  part  of 
the  precipitation,  in  many  cases,  takes  place  in  the  filter  press; 
and,  in  any  event,  the  last  of  the  precipitation,  which  is  the 
most  difficult  to  obtain,  invariably  takes  place  at  this  stage. 
Strangely  enough,  it  was  only  after  this  improvement  was  made 
that  the  ill  effect  of  the  introduction  of  air  with  the  solution 
during  precipitation  was  properly  appreciated.  In  present-day 
practise  every  precaution  is  taken  to  exclude  air,  so  far  as 
possible.  A  small  air  leak  in  the  suction  of  a  precipitation 
pump  will  invariably  cause  high  tails.  Interference  of  air  with 
precipitation  is  due  to  resolution  of  gold  and  silver  and,  as  has 
been  pointed  out  by  Mr.  Allan  J.  Clark,  to  the  formation  of  a 
superficial  coating  of  calcium  carbonate  upon  the  zinc  particles. 
The  plate-and-distance  frame  type  of  filter  press  has  been  in- 
variably used  for  zinc-dust  precipitation.  This  type  of  filter 
press  has  been  improved  by  Mr.  Merrill,  for  use  in  connection 
with  the  application  of  pulverulent  precipitants,  by  a  special 
design  employing  triangular  plates  and  frames.  The  solution 
is  introduced  at  the  lower  apices  of  the  triangular  chambers, 
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thus  giving  thorough  agitation  of  the  contents  of  the  chambers 
with  the  solution  being  precipitated. 

The  Merrill  precipitation  press,  as  shown  in  Fig.  9,  is  built 
with  either  36-in.  or  52-in.  plates  and  frames.  The  frames  are 
made  1^  in.,  2  in.  or  3  in.  in  thickness.  The  l^/^-in.  and  2-in. 
frames  are  generally  used  for  precipitating  gold  solutions,  while 
the  3-in.  frame  is  used  for  solutions  in  which  silver  predomin- 
ates. The  Merrill  Company  estimates  the  precipitation  capa- 
city necessary  in  any  particular  case  as  follows:  The  number 
of  frames  used  depends  upon  the  weight  of  solution  precipi- 
tated, the  unit  taken  being  the  U.  S.  ton  of  2000  pounds.  One 
chamber  of  2  in.  x  36  in.  is  allowed  for  each  12^/4  tons  of  gold 
solution  precipitated  per  24  hours,  while  one  chamber  of  3  in.  x 
36  in.  is  allowed  for  each  10  tons  of  silver  solution  precipitated 
per  24  hours.  The  52-in.  chambers  have  just  double  the  capa- 
city noted  for  the  36-in.  chambers ;  i.  e.,  25  tons  for  the  chambers 
2  in.  deep  upon  gold  solution  and  20  tons  for  the  chambers  3  in. 
deep  upon  silver  solution.  The  amount  of  metal  in  solution 
determines  the  rate  of  feed  of  the  zinc  dust  and  the  frequency 
of  the  clean-up. 

Perhaps  the  best  practise  in  operating  the  filter  press  is  to 
use  a  double  cloth,  canvas  next  to  the  plate,  and  on  top  of  this 
twill  or  muslin.  The  heavy  cloths,  which  give  the  necessary 
strength,  remain  on  the  press  until  they  finally  fail  through 
becoming  rotten  or  torn.  The  light  cloth  is  removed  each  time 
the  press  is  taken  down,  cleaned,  burned  and  the  ashes  added 
to  the  precipitate. 

The  solution  may  be  pumped  to  the  filter  press  by  any  ap- 
propriate form  of  pump,  or,  under  favorable  conditions,  may  be 
delivered  by  gravity.  The  geared  plunger-type  pump, 
equipped  with  external  packing  glands  and  either  belt-driven 
or  direct  connected  to  an  electric  motor,  is  the  most  generally 
used  type.  Contrary  to  supposition,  the  wear  upon  the  plunger 
due  to  the  zinc  dust  and  precipitate  is  insignificant.  The  cen- 
trifugal pump  has  been  occasionally  used  for  this  purpose,  and, 
where  violent  agitation  is  desirable,  as  in  aluminum-dust  pre- 
cipitation, it  might  at  times  be  preferred  to  the  plunger  type. 

With  the  present-day  continuous  method  of  precipitation, 
an  efficient  zinc-dust  feeder  is  of  vital  importance.    A  satisfac- 
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tory  feeder  should  be  capable  of  very  close  adjustment  and 
should  iDamtain  a  regular  rate  of  feed  with  the  minimum  at- 
tention. The  design  and  construction  of  a  satisfactory  feeder 
is  considerably  more  diiRcult  than  might  appear  at  first  sight. 
The  origiual  type  as  proposed  by  Jletrili  was  an  endless  belt. 
On  the  top  surface  of  this  belt  was  placed  the  amount  of  zinc 
necessary  to  precipitate  the  given  tank  of  solution.  The  belt 
was  actuated  by  means  of  a  series  of  floats,  so  as  to  cause  the 
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belt  to  travel  forward  and  feed  the  zinc  dust  in  exact  propor- 
tion to  the  rate  at  which  the  solution  was  lowered  in  the  sump 
tanks.  A  later  type,  illustrated  in  Fig.  10,  makes  use  of  a  screw 
located  at  the  bottom  of  a  hopper,  the  hopper  being  provided 
with  a  hammering  arrangement  or  a  reciprocating  arm  to  pre- 
vent arching  of  the  zinc  dust.  Provision  for  regulating  the 
speed  of  the  screw  is  made  by  means  of  double  cone  and  belt 
drive.  Another  type  of  feeder  makes  use  of  a  rotating  drum 
located  at  the  bottom  of  a  hopper,  a  slide  at  the  side  determin- 
ing the  amount  of  zinc  dust  fed.     In  this  type,  it  is  also  neccs- 


386  SYMPOSIUM  ON  THE  CYANIDE  PROCESS 

sary  to  make  provision  for  jarring  the  hopper,  so  that  the  zinc 
dust  will  not  arch  over.  The  difficulty  of  ** arching"  is  particu- 
larly noticeable  during  damp  weather.  The  feeder  may  dis- 
charge directly  into  a  stand  pipe  which  communicates  with  the 
suction  of  the  pump,  or  it  may  first  meet  a  small  jet  of  solution 
and  pass  through  a  miniature  tube  mill  or  grinding  pan,  which 
scours  and  brightens  the  particles  of  zinc  dust. 

One  interesting  and  important  development  made  in  con- 
nection with  zinc-dust  precipitation  has  been  the  introduction 
of  what  are  known  as  the  partial  and  complete-precipitation 
circuits.  Usually,  when  operating  this  system,  two  distinct  sets 
of  zinc-dust  feeders,  pumps,  pipe  lines  and  precipitation  presses 
are  provided.  In  one  system  a  suffi<;ient  rate  of  feed  is  main- 
tained to  give  barren  solution,  while  in  the  other  just  sufficient 
feed  is  maintained  to  precipitate  the  bulk  of  the  gold  and 
silver.  The  amount  of  solution  completely  precipitated  is  de- 
termined by  the  barren  solution  required  for  the  final  washes. 
In  case  only  one  set  of  precipitation  apparatus  is  available,  the 
benefits  of  this  system  may  be  realized  by  maintaining  a  heavier 
feed  of  zinc  dust  during  the  time  that  barren  solution  is  de- 
sired. Then  the  solution  is  diverted  to  a  special  sump  tank, 
and  the  feed  of  zinc  dust  is  at  first  entirely  cut  off  and 
later  increased  to  maintain  the  tail  solution  at  the  point  de- 
sired. 

Figure  11  shows  the  single-solution  circuit,  in  which  all 
solution  is  completely  precipitated  as  ordinarily  used;  and 
Figure  12  shows  the  double-solution  circuit,  in  whi-ch  the  so- 
lution to  be  precipitated  is  divided  as  described  above. 

Rapid  qualitative  tests  for  gold  and  silver  in  solution  are 
of  great  value  in  connection  with  the  operation  of  zinc-dust 
precipitation.  A  satisfactory  method  for  gold  is  that  of  Dow- 
sett,  which  is  very  generally  used.  A  10%  solution  of  sodium 
sulphide  may  be  used  as  a  rough  qualitative  indication  of  the 
presence  of  silver.  However,  this  test  fails  in  event  of  there 
being  other  metals  in  solution  which  give  dark-colored  sul- 
phides. The  writer  has  previously  described  a  rapid  volumetric 
method  for  silver  which  gives  results  quite  as  accurate  as  the 
fire  assay,  but  which  requires  about  half  an  hour  for  each 
determination. 
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Inasmuch  as  zinc  dust  is  a  by-product  of  zinc  smelting, 
there  being  little  or  no  attempt  made  to  specialize  in  its  manu- 
facture, it  is  not  surprising  that  its  composition  should  be  vari- 
able, and  herein  lies  one  of  the  chief  problems  of  zinc-dust  pre- 
cipitation. In  all  the  years  that  zinc-dust  precipitation  has 
been  used,  little  or  no  knowledge  has  been  acquired  regarding 
the  specific  effect  of  the  various  impurities  which  zinc  dust  may 
contain,  with  the  possible  exception  of  lead.  It  might  be  men- 
tioned that  zinc  dust  is  very  prone  to  carry  a  greater  propor- 
tion of  impurities  than  the  spelter  produced  from  the  same  ore, 
due  to  the  volatility  of  such  elements  as  arsenic,  antimony, 
cadmium,  etc. 

Considerable  work  has  been  done  looking  toward  the  de- 
velopment of  a  laboratory  method  for  determining  the  efficiency 
of  various  samples  of  zinc  dust.  However,  the  only  method  at 
present  in  general  use  is  that  suggested  a  number  of  years  ago 
by  Mr.  Allan  J.  Clark.  In  this  method  the  precipitating  effici- 
ency of  a  weighed  portion  of  zinc  dust  is  measured  by  means  of 
the  silver  precipitated  from  an  excess  of  1%  potassium-silver 
cyanide  solution.  This  method  has  proven  useful  but  cannot 
be  always  depended  upon  to  indicate  just  what  the  particular 
lot  of  zinc  dust  will  do  under  mill  conditions. 

In  general,  certain  foreign  brands  of  zinc  dust  have  proven 
the  most  satisfactory.  Trouble  experienced  with  poor  grades 
of  zinc  dust  has  been  frequently  fittributed  to  the  presence  of 
zinc  oxide,  which,  it  is  assumed,  coats  the  particles  of  zinc  dust. 
Microscopic  examination  tends  to  show  that  the  zinc  oxide  does 
not,  in  general,  exist  as  a  definite  coating  upon  the  metallic  par- 
ticles, but  rather  as  a  mechanical  mixture  with  them.  However, 
there  is  evidence  of  some  kind  of  a  coating  upon  the  particles. 
This  has  been  attributed  to  a  coating  of  carbide. 

The  results  and  costs  of  zinc-dust  precipitation  vary  with 
the  locality  and  the  character  and  grade  of  the  ore  treated. 
The  figures  given  below,  from  widely  separated  plants  treating 
a  variety  of  ores,  are  merely  indicative  of  what  may  be 
expected. 

The  Portland  Mill,  at  Colorado  Springs,  U.  S.  A.  treat- 
ing roasted  telluride  gold  ores,  employs  a  partial-precipi- 
tation circuit  for  the  strong  solution  and  a  complete-precipita- 
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tion  circuit  for  the  weak  solution.  The  average  figures  for 
three  months  during  1914  were  as  follows:  approximately 
1100  tons  of  strong  solution,  containing  $3.35  per  ton  of  2000 
lbs.,  were  precipitated  daily  to  a  $0.25  tail,  with  a  zinc  dust 
consumption  of  0.136  lb.  per  ton.  Approximately  1000  tons  of 
weak  solution,  containing  $2.54  per  ton,  were  precipitated  to 
a  $0,045  tail,  with  a  zinc-dust  consumption  of  0.173  lb.  per  ton. 
A  100-ton  per  day  plant  in  San  Luis,  Durango,  Mexico,  treating 
a  silver-gold  ore  and  employing  a  single-precipitation  circuit, 
precipitated  1  part  of  fine  silver  and  gold  for  each  0.95  part  of 
zinc  dust  used.  The  ratio  of  silver  to  gold,  by  weight,  was  55 
to  1 ;  percent  of  fine  silver  and  gold  in  precipitate,  78.0.  Total 
cost  of  precipitation  and  melting  per  fine  ounce  of  dore 
bullion,  1.0c. 

Another  pliant  in  Mexico,  treating  500  tons  of  silver-gold 
ore  daily,  employing  a  double-precipitation  circuit,  precipitated 
approximately  one  half  of  the  solution  in  the  complete  circuit 
to  1  or  2  cents  per  ton,  with  a  zinc  dust  consumption  of  1.1 
parts  for  each  part  of  fine  silver  and  gold  precipitated.  The 
other  half  of  the  solution  was  precipitated  in  the  partial  cir- 
cuit to  a  10-cent  tail,  with  a  zinc  dust  consumption  of  0.74  part 
for  each  part  of  fine  silver  and  gold  precipitated.  The  ratio 
of  silver  to  gold  by  weight  was  150  to  1.  Percent  of  fine  silver 
and  gold  in  precipitate,  78.  Total  cost  of  precipitation  and 
melting  per  fine  ounce  of  dore  bullion  0.913  cents. 

The  Homestake  plants,  Lead,  South  Dakota,  U.  S.  A.,  treat- 
ing a  low-grade  gold  ore,  show  the  following  results,  covering 
a  period  of  one  month : 

Pounds      Cost  of  pre- 
zinc  dust      cipitation 
per    ton    of  per   ton    of 
Plant  Heads  Tails         solution      ore  treated 

No.   1  sand $2.94  $0,018  0.173  $0.0123 

No.  2  sand 2.77  0.034  0.174  0.0109 

Slime    1.19  0.028  0.160  0.0165 

Average   on   whole   ore....  1.87  0.026  0.165 

The  percentacje  of  gold  in  the  precipitate  averages  9.50 
and  the  silver  3.34,  as  taken  from  the  press.  After  acid  treat- 
ment, the  gold  is  16.55CJ  and  the  silver  5.83%. 
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Comparative  costs  of  zinc-dust  and  rinc-shaving  precipita- 
tion show  considerable  advantage  in  favor  of  zinc  dust. 

At  the  Homestake,  when  using  zinc-shaving  precipitation 
for  waste  solution,  the  cost  per  dollar  recovered  was  $0.1608, 
while  with  the  zinc  dust  the  cost  was  $0.0449.  The  comparison 
of  two  plants  in  the  El  Oro  District  gives  the  cost  of  zinc-dust 
precipitation,  at  one,  as  $0,079  per  ton  of  ore  treated,  while  the 
cost  of  zinc-shaving  precipitation,  at  the  other,  is  $0,201  per 
ton  of  ore  treated.  The  relationship  between  the  cost  of  the 
two  methods  of  precipitation  depends,  to  a  considerable  ex- 
tent, upon  the  relative  cost  of  zinc  dust  and  sheet  zinc ;  thus, 
when  zinc  dust  is  high  and  sheet  zinc  is  low,  the  differences  may 
not  be  so  great. 

Zinc-dust  precipitation  is  rapidly  gaining  in  favor.  The 
reasons  for  this  are  that  a  minimum  amount  of  labor  is  re- 
quired for  its  operation;  there  is  a  minimum  loss  in  handling 
both  zinc  and  precipitate,  and,  furthermore,  the  precipitate  is 
more  effectively  protected  from  theft  than  is  the  case  with  zinc 
shavings.  It  also  seems  to  be  somewhat  better  able  to  cope 
with  solutions  containing  copper.  This  is  probably  on  account 
of  the  fact  that  fresh  precipitant  is  constantly  being  added. 

Closely  related  to  zinc  dust  precipitation  is  the  possibility 
of  using  other  pulverulent  precipitants  with  similar  equip- 
ment. Precipitation  with  powdered  aluminum  is  mentioned 
elsewhere.  A  possibility  which  Mr.  Chas.  W.  Merrill  has  long 
had  in  mind  is  the  use  of  various  brittle  alloys  so  compounded 
as  to  give  the  desired  qualities  for  precipitation,  as  well  as  pos- 
sessing the  necessary  brittleness  so  that  they  may  be  finely 
ground  into  a  dust  or  powder.  At  first  sight,  it  might  appear 
that  there  would  be  a  number  of  such  combinations  possible. 
However,  careful  investigation  has  led  to  the  belief  that  this 
is  a  very  desirable,  but  perhaps  rather  restricted,  field. 

REFINING. 

The  early  practise  of  selling  the  precipitate  to  smelters  is 
still  adhered  to  by  a  few  companies,  but  the  majority  convert 
into  bullion  before  marketing.  Cyanide  bullion  varies  greatly 
in  fineness,  depending  upon  the  character  of  the  ore  treated  as 
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well  as  the  equipment  provided  for  refining  and  the  degree  of 
skill  exercised  in  its  use.  It  is,  obviously,  not  good  practise  to 
carry  local  refining  to  the  point  where  the  cost  is  greater  than 
the  advantages  to  be  realized  from  marketing  higher-grade 
bullion.  The  only  case  that  I  know  of  where  fine  bullion  is 
produced  which  requires  no  further  refining  is  that  of  the 
Nipissing  Mining  Company,  Cobalt,  Ontario,  Canada.  Here, 
unusual  conditions  make  the  production  of  fine  bullion  a  com- 
paratively easy  matter. 

Preliminary  acid  treatment  of  the  precipitate  has  been 
found  unnecessary  in  most  cases  where  silver  predominates, 
but  is  still  adhered  to  in  the  majority  of  cases  for  gold  pre- 
cipitate. 

The  oil-fired  tilting-crucible  melting  furnace  has  now 
largely  replaced  the  earlier  types  of  stationary-crucible  fur- 
naces, thus  making  the  melting  operation  much  less  laborious, 
as  well  as  considerably  reducing  its  cost. 

The  Tavener  method  of  refining,  involving  the  melting  of 
the  precipitate  in  a  small  reverberatory  furnace  with  various 
fluxes  and  lead,  followed  by  cupellation,  is  still  in  general  use 
in  South  Africa,  but  has  not  gained  ground  in  this  country. 

The  Homestake  method  of  refining,  involving  acid  treat- 
ment and  briquetting  with  lead  fiux,  followed  by  melting  and 
cupellation  in  the  ordinary  English  cupel  furnace,  as  well  as 
the  treating  of  all  the  by-products  in  a  small  blast  furnace,  is 
used  by  a  few  American  plants. 

The  melting  of  the  precipitate,  briquetted  with  the  proper 
fluxes,  in  a  small  blast  furnace,  followed  by  cupellation  of  the 
lead,  has  been  found  of  advantage  when  dealing  with  a  large 
volume  of  low-grade  gold  precipitate.  Losses  from  dusting, 
which  might  appear  to  be  the  chief  objection  to  this  method  of 
melting,  are  claimed  to  be  insignificant  when  a  proper  flux  sys- 
tem is  provided.  This  method  of  melting  is  more  economical 
than  either  the  Tavener  or  Homestake  practice. 

The  electric  furnace  has  also  been  used  in  a  few  cases. 

The  most  simple  and  satisfactory  method  of  converting  the 
high-grade  precipitate  which  is  obtained,  by  proper  manipula- 
tion, from  ores  in  which  silver  predominates  is  to  melt  the  pre- 
cipitate directly,  with  the  minimum  proportion  of  flux,  in  the 
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tilting  type  of  furnace.  A  few  mills  use  a  double-chamber  tilt- 
ing furnace,  in  which  the  flame  comes  in  direct  contact  with 
the  charge  being  melted.  This  furnace  is  perhaps  more  econom- 
ical of  fuel,  but,  unless  the  precipitate  is  briquetted,  there 
is  greater  risk  of  loss  through  dusting  than  when  the  precipi- 
tate is  melted  in  a  closed  crucible.  In  the  case  of  silver  precipi- 
tate, with  proper  manipulation  in  the  crucible  furnace,  it  is  a 
serious  question  whether  it  pays  to  briquette,  the  losses  being 
less  under  these  conditions  than  the  cost  of  briquetting. 

Assuming  that  only  perfectly  clear  solution  is  precipitated, 
which  eliminates  all  matter  in  suspension  which  would  tend  to 
lower  the  grade  of  the  precipitate,  much  can  be  accomplished 
in  raising  the  proportion  of  gold  and  silver  in  the  precipitate 
by  the  judicious  use  of  pregnant  solution.  Fig.  13  shows  a  gen- 
eral scheme  of  refining  used  by  the  writer  in  connection  with 
zinc-box  precipitation  some  eight  years  ago.  The  novel  feature 
is  the  washing  of  the  fine  precipitate  from  the  zinc  box  with 
pregnant  solution  into  the  filter  press,  where  it  is  collected. 
The  pumping  of  pregnant  solution  through  the  filter  press  is 
continued  at  intervals,  until  the  tail  solution  rises  to  approxi- 
mately the  value  of  the  pregnant  solution  precipitated.  During 
the  earlier  stages  of  pumping,  the  tail  solution  from  the  filter 
press  was  of  low  enough  grade  to  divert  to  the  milling  solution, 
but,  during  the  later  stages,  it  was  advisable  to  return  it  to  the 
head  of  the  zinc  boxes.  With  solutions  in  which  silver  occurred 
in  the  ratio  of  50  parts  to  1  part  of  gold,  precipitate  was  at 
times  obtained  which  contained  approximately  90%  of  silver 
and  gold.  There  was  no  difficulty  in  obtaining  precipitate, 
regularly,  well  over  80%  of  silver  and  gold.  Precipitate  of  this 
grade  is  very  easily  melted,  with  a  minimum  consumption  of 
fluxes  and  fuel,  and,  of  course,  produces  a  high-grade  bullion. 
Later,  at  a  certain  Mexican  plant,  where  this  plan  was  adopted 
upon  my  suggestion,  the  grade  of  the  precipitate  was  very  ma- 
terially raised  and  the  fineness  of  the  bullion  was  increased 
from  800  to  900.  This  resulted  in  a  monetary  saving  of  several 
hundred  dollars  per  month.  A  similar  plan  appears  to  be  feas- 
ible with  zinc-dust  precipitation.  It  is  still  a  question  as  to  how 
far  such  a  plan  could  be  carried  with  solutions  in  which  gold 
predominates. 
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DISCUSSION 

Mr.  Mr.  J.  £.  Clennell  stated  that  a  comparative  run  had  been  recently 

Clennell.  made  between  zinc  precipitation  and  aluminum  precipitation  at  the  But- 
ters' Divisadero  Mine,  Salvador,  C.  A.,  in  which  advantage  regarding 
cyanide  consumption  was  shown  by   aluminum   precipitation. 
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Prof.  O.  H.  Olevenger,*  Mem.  Am.  Inst.  M.  E.,  stated  that  the  paper  Prof, 
giving  an  account  of  this  work  had  been  published  since  he  wrote  the  Ol^^e'^Ker. 
paper  under  discussion.  He,  however,  stated  that  he  was  not  prepared 
to  admit  the  full  saving  in  cyanide  which  is  claimed  by  those  making 
the  tests  at  Divisadero,  as,  in  the  first  place,  the  comparison  is  made 
against  poor  zinc-shaving  precipitation  practice,  as  evidenced  by  certain 
of  the  results  of  zinc-shaving  precipitation  recently  obtained  in  the  Tone- 
pah  district,  and,  further,  that  there  was  about  one-half  pound  of  cyanide 
which  had  been  credited  to  aluminum  precipitation  which  the  experiment- 
ers did  not  seem  to  be  able  to  account  for.  Prof.  Clevenger  then  asked 
Mr.  Ghas.  Butters  if,  when  they  began  aluminum  precipitation,  they  threw 
away  all  of  the  old  cyanide  solution  containing  zinc. 

Mr.  Butt«r8  replied  that  they  had  not  thrown  away  any  solution.  Butten. 

Prof.  Clevenger  then  stated  that  those  in  charge  of  the  experiments  Prof. 
at  Divisadero  had  searched  for  everything  else  possible  in  solution  which  Clov«n««J^« 
would  account  for  this  extra  saving  of  one-half  pound  of  cyanide  and 
that  they  had  considered  everything,  with  the  exception  of  the  most 
probable  constituent,  i.  e.,  the  zinc;  in  other  words,  that  during  the  first 
three  months  of  operation  with  aluminum  precipitation,  cyanide  would  be 
regenerated  from  zinc  potassium  cyanide  remaining  in  solution,  so  that 
there  would  be  a  constant  gain  in  cyanide.  He  added  that  they  were 
getting  more  cyanide  than  was  coming  to  them,  and  that  later,  when  this 
had  disappeared  from  the  solution,  the  cyanide  consumption  would  in- 
crease. 

Mr.  Cliaa  Butters,**  Mem.  Am.  Inst.  M.  E.,  stated  that,  in  connection      Mr. 
with  this  test,  he  had  instructed  his  staff  that  the  only  thing  that  would  ^"tterg. 
convince  him  of  there  being  less  cyanide  used  would  be  when  he  was 
buying  less.    He  further  thought  that  the  effect  of  the  zinc  would  largely 
disappear  in  three  months. 

Prof.  Clevenger  then  stated  that,  on  this  account,  he  was  more  inter-      Prof, 
ested  in  the  results  for  the  next  three  months  than  in  those  which  had  Clevenger. 
just  been  quoted. 

Mr.  Butters  said  that  it  was  impossible  at  the  present  time  to  give      Mr. 
these  figures,  but  that  he  hoped  to  be  able  to  do  so  later.    On  the  whole,  Butters, 
he  felt  that  there  was  a  certain  saving  in  the  cost  of  precipitation  when 
aluminum  was  used. 

Prof.  E.  A.  Hersanift  Mem.  Am.  Inst.  M.  E.,  stated  that  he  should    Prof, 
like  to  secure  some  data  regarding  the  solvent  action  of  double  cyanide  Heraam. 
of  potassium  and  zinc  upon  gold  and  silver.    A  good  deal  had  been  sur- 
mised in  this  connection,  but  what  he  wished  was  some  actual  figures. 

Mr.  C.  W.  Merrill,  Mem.  Am.  Inst.  M.  E.,  stated  that  Mr.  Sharwood     Mr. 
had  gone  into  this  matter  very  thoroughly.  Merrill. 


*  Stanford  University,  Calif. 

**  Oakland,  Calif. 

t  University  of  California,   Berkeley,   Calif. 
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Prof.  Prof.  Clevenger  added  that  Mr.  Sharwood's  paper  eould  be  found  in 

Clevenger.  the  Journal  of  the  American  Chemical  Society,  Vol.  25,  p.  580. 

Mr.  Mr.  E.  H.  Simouds,t  Mem.  Am.  Inst.  M.  E.,  said  that,  particularly  in 

Simonda.  view  of  the  high  prices  of  the  metals^  the  subject  of  precipitation  is  of 
especial  interest  at  this  time,  for  any  improvements  which  could  be  made 
would  mean  a  considerable  saving.  He  also  said  that  he  had  found  that 
a  solution  containing  0.015%  of  cyanide  could  be  as  effectively  precipi- 
tated as  one  containing  a  quarter  of  a  pound,  but  that  after  the  zinc 
shavings  had  been  used  48  hours,  they  became  coated.  Therefore,  other 
methods  of  precipitation  were  tried,  including  aluminum  dust,  but  the  re- 
sults in  general  were  no  better  than  those  previously  obtained  with  zinc. 
He  also  said  that  he  thought  that  weak  solutions  could  be  precipitated 
with  zinc,  provided  they  were  clean. 

Prof.  Prof.  Hersam  said  that  he  wished  to  call  attention  to  the  work  which 

Hersam.  ^^le  late  Professor  Samuel  B.  Christy  had  done  upon  electrolytic  precipita- 
tion. The  paper,  which  was  complete  at  the  time  of  Professor  Christy's 
death,  goes  into  the  whole  subject  very  thoroughly.  He  added  that  Pro- 
fessor Christy  felt  that,  in  its  fundamentals,  electrolytic  precipitation  had 
the  advantage  over  any  other  form  of  precipitation. 

Mr.  Mr.  Butters  said  that  he  had  spent  half  a  million  dollars  upon  elec- 

Butters.  ^polytic  precipitation  and  in  the  end  had  been  beaten  by  zinc  precipitation, 
but  still  he  was  hopeful  that  electrolytic  precipitation  might  eventually  be 
brought  to  a  successful  issue. 

t  San  Francisco,  Calif. 
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The  starting-point  of  a  review  of  the  present  state  of 
smelting  of  lead  ored  in  the  United  States  is  the  introduction  of 
blast-roasting  which  has  revolutionized  the  details  of  practice 
not  only  here,  but  in  all  lead-producing  countries.  Thus  the 
reverberatory  furnace  has  become  obsolete  the  world  over  for 
the  smelting  of  high-grade  galena  concentrates.  The  ore- 
hearth,  on  the  other  hand,  has  maintained  its  important  place 
in  the  treatment  of  the  non-argentiferous  ores  of  the  Missis- 
sippi Valley. 

Many  theories  have  been  proposed  to  explain  the  phe- 
nomena taking  place  in  blast-roasting ;  most  of  them  have  been 
abandoned;  the  statement  by  Richter  that  blast-roasting  is 
nothing  more  or  less  than  an  enforced  ordinary  oxidizing  roast 
accompanied  by  sintering,  meets  all  practical  wants.  The  pres- 
ence of  lime  in  a  charge,  at  first  deemed  essential,  has  been 
proved  to  be  not  absolutely  necessary.  This  does  not  preclude 
that  lime  forms  a  valuable  flux  with  lead  ores,  which  is  not  the 
case  with  copper-bearing  materials.  Some  exothermic  reactions 
take  place  with  lead  ores,  as  shown  by  Percy,  Hutchings  and 
Bannister,  which  have  not  been  noticed  with  other  sulphide 
materials. 

In  the  practice  of  blast-roasting  the  composition  of  the 
charge  is  of  first  importance ;  and  here  the  calorific  value,  the 
ultimate  analysis  and  the  physical  make-up  have  to  be  consid- 
ered. The  heat  generated  by  oxidation  has  to  be  sufficient  for 
agglomeration  and  not  in  any  great  excess  over  the  amount 
required.     The  two  rival  processes  in  the  United  States,  the 
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Huntington-Heberlein  and  the  Dwight-Lloyd,  diminish  the  calo- 
rific power  of  their  charges  by  a  rough-roast  which  reduces  the 
sulphur  content  to  as  low  a  figure  as  10  or  11  per  cent,  but 
usually  holds  it  between  15  and  18  per  cent.  The  great  range 
of  10  and  18  per  cent  is  due  to  the  other  components  of  the 
charge;  thus  the  lead  content  varies  from  10  to  50  per  cent, 
while  the  percentage  of  silica  is  held  within  narrower  limits, 
averaging  12-15  per  cent.  The  size  of  the  charge-particles 
varies  from  slime  concentrate  to  V^.  in. ;  ores  are  usually  not 
finer  than  4-mesh,  fluxes  are  preferably  coarser  than  sulphide 
minerals.  A  recent  comparison  of  the  work  of  the  two  rival 
apparatus    at   Murray,    Utah,    and   East   Helena,   Mont.,   has 

brought  out  the  following: 

J,  At  Murray        At  East  Helena 

Advantage  lies  in  favor  of 

Cost  of  installation D.  &  L.  D.  &  L. 

Cost  of  roasting H.  &  H.  Even 

Adaptability  to  charge D.  &  L.  D.  &  L. 

Metal  Loss Even  Even 

Physical  condition  of  product H.  &  H.  D.  &  L. 

The  use  of  blast-roasted  materials  in  the  blast-furnace  in- 
stead of  the  products  of  the  hand  or  mechanical  reverberatory- 
roasters  has  greatly  increased  the  smelting  power  and  has 
changed  to  some  extent  the  lines  of  the  furnace  and  the  mode 
of  operating.  A.  S.  Dwight  has  recently  given  some  interesting 
data  relating  to  a  furnace  48  by  162  in.  at  the  tuyere-section 
which  show  for  24  hours  the  following  tonnages:  180  Briick- 
ner  product,  200  Huntington-Heberlein,  227  Huntington  and 
Heberlein  with  fines  largely  removed,  285  Dwight-Lloyd  with 
fines  largely  removed.  In  smelting  raw  or  roasted  ores,  it  has 
been  essential  for  the  sake  of  a  good  reduction  to  have  the 
charge  descend  somewhat  slowly  in  the  furnace;  this  necessi- 
tated an  angle  of  bosh  of  the  side-jackets  of  about  20  degrees 
and  a  flare  of  the  brick  shaft  above  of  1  inch  in  1  foot.  With 
a  blast-roasted  charge,  it  has  been  found  that  a  bosh  with  an 
angle  of  10  degrees  and  vertical  side-walls  did  better  work,  in 
that  it  gave  a  better  slag,  extracted  a  higher  percentage  of 
lead,  and  burnt  oflf  more  sulphur.  L.  D.  Anderson,  governed 
by  the  work  at  Midvale,  Utah,  suggests  a  contraction  of  the 
throat  area,  which  would  make  the  profile  of  the  lead  furnace 
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resemble  that  of  the  iron  blast-fxirnace.  The  use  of  the  blast- 
roasted  ore  has  resulted  in  a  reduction  in  the  blast-pressure,  the 
formation  of  slags  of  higher  silica  content,  and  the  use  of  a 
lower  percentage  of  coke  than  was  customary  a  few  years  ago. 
Of  course,  the  reduction  of  the  amount  of  fines  in  the  charge 
has  greatly  reduced  the  formation  of  flue  dust,  and  thus  sim- 
plified the  apparatus  for  the  collection  of  this  intermediary 
product.  With  the  majority  of  blast-furnaces,  the  lead  is 
mainly  the  carrier  of  precious  metals;  therefore  the  lead  con- 
tent of  the  charge  is  low,  say  15  per  cent.  Thus  a  blast-furnace 
of  the  United  States  Smelting  and  Refining  Co.,  at  Midvale, 
Utah,  45  by  160  in.  at  the  tuyere-section  with  ten  3.5-inch 
tuyeres  to  a  side  and  a  working  height  of  17  ft.,  treats  in  24 
hours  200  tons  charge  with  13-15  per  cent  lead.  In  the  two 
smelteries  of  East  Helena,  Mont.,  and  Herculaneum,  Mo.,  the 
practice  resembles  more  the  work  of  European  plants,  as  the 
lead  ore  is  a  galena  concentrate  which  is  smelted  with  siliceous 
material,  and  furnishes  charges  running  as  high  as  40  per  cent 
lead.  Thus  at  East  Helena  a  blast-furnace  48  by  136  inches  at 
the  tuyere-section  with  16  tuyeres  3.5  in.  in  diameter  and  a 
working  height  of  18  ft.,  treats  in  24  hours  270  tons  charge  with 
30-40  per  cent  lead ;  at  Herculaneum  a  furnace  42  by  192  inches 
at  the  tuyere-seetion  with  12  tuyeres  4-4.5  in.  in  diameter  and  a 
working  height  of  17  ft.,  treats  in  24  hours  225  tons  charge 
with  40  per  cent  lead. 

Lead  bullion  is  desilverized  by  the  Parkes  process,  if  we  ex- 
cept the  refineries  at  Grasselli,  Ind.,  and  Trail,  B.  C,  which  have 
in  operation  the  Betts  electrolytic  process.  An  important  in- 
novation with  the  Parkes  process  is  supplementary  treatment 
at  Omaha,  Neb.,  and  East  Chicago,  Ind.,  of  the  refined  lead  by 
the  Pattinson  process  in  order  to  obtain  from  bismuth-bearing 
lead  bullion,  as  market  produet,  corroding  lead  with  less  than 
0.05  per  cent  bismuth.  At  Omaha,  metallic  bismuth  is  pro- 
duced; the  bismuth  content  of  lead  bullion  treated  at  East 
Chicago  is  not  sufficiently  high  to  warrant  going  so  far.  The 
research  of  Junge  has  shown  that  lead  with  0.2  per  cent  bismuth 
is  not  attacked  by  sulphuric  acid  of  60  degrees  B.  at  the  tem- 
perature of  the  sulphuric  acid  chamber.  The  new  works  of 
East  Chicago  have  a  monthly  capacity  of  50,000  tons  lead  bul- 
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lion  when  running  25  days;  having  been  only  recently  con- 
structed, they  show  modern  ways  of  handling  materials.  The 
electrolytic  plant  at  Grasselli  also  produces  metallic  bismuth 
and  hard  lead;  that  of  Trail  does  not  extract  bismuth  or  anti- 
mony from  the  anode  mud. 

The  treatment  of  blast-furnace  matte  has  undergone  some 
radical  changes.  Formerly  this  intermediary  product  was 
thoroughly  roasted  in  different  kinds  of  reverberatory  furnaces, 
and  added  to  the  blast-furnace  charges  until  its  copper  content 
had  been  enriched  to  about  14  per  cent.  The  smelting  of  this 
pulverulent  roasted  product  caused  much  trouble,  as  it  sepa- 
rated from  the  siliceous  part  of  the  charge  and  disturbed  the 
work  of  the  furnace.  All  this  has  been  obviated  by  rough- 
roasting  the  matte  and  then  blast-roasting  it  either  with  siliceous 
ores  or  with  the  other  ores  that  are  to  be  used  for  making  up 
the  blast-furnace  charge.  The  further  treatment  of  14  per 
cent  copper  matte  is  now  carried  on  in  basic  converters.  The 
older  method,  worked  out  at  Maurer,  N.  J.,  is  to  treat  lead- 
copper-iron  matte  in  the  same  manner  as  copper-iron  matte,  i.  e., 
with  the  additions  of  siliceous  ores.  A  charge  of  matte  and 
ore  is  blown  until  the  ore  has  been  scorified,  the  slag  is  poured 
off,  and  a  second  charge  of  matte  followed  by  ore  is  given  and 
blown;  the  operations  are  continued  until  the  copper  in  the 
matte  has  been  brought  forward  to  furnish  white  metal,  which 
is  now  blown  to  blister  copper.  A  departure  from  this  stan- 
dard method  of  treatment  has  been  made  at  the  smeltery  of 
the  International  Smelting  Co.,  Tooele,  Utah.  Here  the  lead- 
copper-iron  matte  is  blown  without  the  addition  of  siliceous 
ore  until  practically  all  the  lead  and  zinc  have  been  volatilized 
to  be  collected  in  a  baghouse.  During  the  blow  the  iron  is  oxi- 
dized and  a  large  part  of  the  copper ;  the  mixture  is  transferred 
to  a  basic  copper-iron  matte-converter  working  in  the  usual 
way  with  siliceous  ore,  the  oxidized  iron  is  scorified  and  the 
oxidized  copper  sulphurized.  The  result  is  that  the  lead  blast- 
furnace has  to  treat  only  the  lead  fume  of  the  baghouse  instead 
of  a  large  amount  of  lead-iron  slag.  The  results  of  the  modi- 
fication have  been  most  satisfactory. 

Very  little  speiss  is  produced  in  blast-furnaces  treating 
ores;  some  refineries,  especially  if  they  are  unfortunate  enough. 
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at  least  from  a  metallurgical  point  of  view,  to  hava  to  treat 
arsenical  silver  ore  from  Cobalt,  Ont.,  can  not  help  but  make 
speiss.  There  is  no  well  established  method  of  treating  the  un- 
welcome intermediary  product.  Blast-roasting  has  been  suc- 
cessful in  an  experimental  way;  converting  alone  in  a  basic 
vessel  has  been  a  failure ;  converting  with  copper-iron  matte  a 
success. 

The  amount  of  flue  dust  formed  in  blast-furnace  work  has 
been  greatly  reduced.  In  spite  of  this,  competition  and  the 
complaints  of  agricultural  and  other  interests  surrounding 
smelteries  have  forced  these  to  make  every  endeavor  to  prevent 
fume  and  dust  from  passing  off  into  the  open.  Thus  most  lead 
plants  of  any  size  are  provided  with  baghouses,  even  when  the 
pecuniary  return  they  furnish  is  smaller  than  the  outgo  for 
cost,  maintenance  and  operation.  Much  attention  has  been 
given  to  the  filtration  of  fumes  and  dust.  It  has  called  attention 
to  the  important  relation  existing  between  the  assay  values  of 
filtered  fume  and  dust  and  the  lead-silver  content  of  matte  and 
slag.  In  earlier  times  low  values  in  matte  and  slag  formed 
the  criterion  of  good  work ;  the  baghouse  has  shown  that  very 
low  assays  of  matte  and  slag  are  usually  accompanied  by  high 
values  of  fume  and  dust;  over-reduction  caused  volatilization. 
At  present  a  balance  is  kept  between  the  two. 

The  Cottrell  system  of  electric  precipitation  of  fume  has 
been  installed  at  Garfield,  Utah,  for  the  collection  of  lead-bear- 
ing fume  of  copper-iron  matte  converters  after  it  had  been 
carefully  tested  on  a  working  scale  with  a  single  unit.  Experi- 
ments with  blast-roaster  and  blast-furnace  gases  have  given  re- 
sults which  show  a  satisfactory  clearance  of  the  gases  from 
finely  divided  materials.  At  Trail,  B.  C,  electric  condensation 
is  in  operation. 

DISCUSSION 

Mr.  E.  B.  Braden,**  Mem.  Am.  Inst.  M.  E.,  stated  that  the  tendency     Mr. 
in  lead  smelting  was  to  use  a  higher  shaft,  18  ft.  to  19  ft.    He  also  said  ^"^en. 
that,  through  the  introduction  of  the  Dwight  &  Lloyd  sintering  machine, 
the  percentage  of  flue  dust  at  the  Selby  Smelter  had  been  reduced  from 
9%  to  less  than  4%. 

Prof.    B.    A.   Hersam,*    Mem.    Am.    Inst.    M.   E.    (by    letter),    said    Prof, 
that  in  reviewing  Professor  Hof man's  paper,  we  are  looking  back  upon  Hersam. 

**  San  Francisco,  Calif. 

*  University  of  California,  Berkeley,  Calif. 
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Prof,  twenty-five  years  of  progress  in  the  lead  industry.  It  is  a  period  that 
Hersam.  ghould  be  rich  in  suggestions  to  us,  for  during  these  years  many  practices 
in  metallurgy  have  come  into  existence  and  have  grown  to  be  great 
factors  in  metal  production.  In  this  time  the  lead  processes  have  remained 
relatively  little  changed  in  principle.  The  new  discoveries  in  science 
have  seemed  to  have  less  bearing  upon  lead  than  upon  many  of  the 
modern  industries.  Improved  lighting,  improved  communication,  improved 
appliances  for  handling,  elevating,  weighing,  measuring  and  recordings 
and  the  use  of  oil  as  fuel,  are  the  improvements,  not  alone  in  lead,  but  of 
general  industry. 

The  absence  of  radical  change  is  to  be  expected  of  an  industry  that 
has  been  so  long  established  as  has  that  of  lead.  The  methods  are 
tolerably  fixed,  and  the  practices  appear  to  be  near  the  limit  of  the  possi- 
bilities that  nature  offers.  Those  who  have  most  to  do  with  current 
practice  find  least  for  objection  in  it. 

The  steady  advance  that  comes  when  understanding  is  close  upon 
the  heels  of  practice,  however,  has  not  always  been  well  marked  in  the 
case  of  lead.  The  patient  years  of  slag-roasting,  followed  by  the  some- 
what abrupt  adoption  of  lime-roasting,  and  the  late  developments  in 
mechanical  sintering,  reveal  that  we  were  long  in  discovering  and  adopt- 
ing these  newer  and  better  methods,  which  involved  only  principles  that 
were  well  known  many  years  before.  The  irregular  progress  reflects  back 
unfavorably  upon  the  earlier  state  that  existed  before  the  improvements 
were  made.  We  sometimes  forget  that  the  present  time  soon  becomes  the 
past,  and  that  the  last  word  on  methods  of  treatment  is  never  at  any  one 
time  spoken. 

Recent  years  have  brought  us,  not  only  remarkable  industrial  changes 
which  every  industry  must  meet,  but  discoveries  in  fundamental  truths 
to  affect  the  understanding  of  things.  Our  lead  industry  will  require 
more  of  metallurgists  in  the  coming  years  than  it  has  done  before.  There 
is  need  that  the  men  in  practice  hold  close  to  the  scientific  basis  of  ideas, 
not  relying  too  much  upon  present  practice  as  expressing  possibilities  and 
principles.  Improvements  will  not  be  made  by  men  who  do  not  see  the 
need,  and  can  not  be  made  by  those  who  see  only  the  need.  Men  who 
have  only  principles  to  apply,  moreover,  contribute  but  little  to  the 
great  work  that  progressive  industry  requires  to  be  done.  The  future 
metallurgical  and  economic  developments  in  the  industry,  that  there  will 
need  to  be  in  the  years  to  come,  will  originate  from  men  who  are  grounded 
in  underlying  principles  as  a  matter  of  course,  and  who  are  engaged  in 
successful  practice. 

Our  colleges  must  see  to  it  that  the  men  acquiring  these  principles 
at  the  present  time,  for  a  life  devoted  to  practice,  are  not  trained  in  habits 
and  methods  to  be  useful  merely  in  the  first  few  months  of  service,  but 
rather  in  the  disciplinary  and  fundamental  matters  that  apply  in  all 
scientific  understanding.  A  wide  interest  in  lead,  also,  is  in  the  direction 
of  progress;  and  a  more  common  discussion  of  whatever  there  is  that  is 
true  is  more  than  ever  desirable  to  everyone  concerned  in  our  American 
practice. 
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Even  before  the  war  begaiij  the  zinc  industry  of  the  world 
was  experiencing  radical  changes.  The  effect  of  the  war  will 
be  to  produce  more  changes,  whereof  no  man  can  yet  clearly 
foresee  the  nature  and  scope.  Looking  backward,  we  can  now 
perceive  that  1896,  when  the  Wilfley  table  was  introduced,  was 
an  historic  date  in  the  metallurgy  of  zinc.  Making  possible  an 
improved  concentration  of  mixed  ores  requiring  fine  grinding, 
the  first  step  in  the  solution  of  the  long-baffling  mixed  ore 
problem  had  been  taken  and  the  smelters  were  offered  a  new 
and  bountiful  supply  of  lead-bearing  zinc  ore,  often  high  in 
iron,  to  which  they  had  to  adjust  their  metallurgy.  Another 
important  step  in  the  separation  of  mixed  ores  occurred  sub- 
sequently with  the  introduction  of  Wetheriirs  system  of  mag- 
netic separation  and  Blake's  system  of  electrostatic  separation, 
but  the  climax  occurred  with  the  successful  introduction  of  the 
flotation  process  at  Broken  Hill. 

The  development  at  Broken  Hill  had  at  least  three  great 
consequences,  viz.,  it  standardized  smelting  practice  in  Belgium 
and  Germany;  it  compelled  nearly  all  of  the  smelters  of  those 
countries  to  go  on  a  zinc-lead  basis ;  it  showed  that  mixed  orea 
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could  be  profitably  treated,  and  caused  a  search  for  them  to  be 
made  in  all  parts  of  the  world,  which  within  a  few  years  re- 
sulted in  the  development  of  such  mines  as  the  Butte  and  Su- 
perior, of  Butte,  Mont.,  the  Bawdwin,  of  Burma,  and  the  Rid- 
dersk,  of  Siberia,  to  mention  only  three  of  the  first  order. 

Let  me  be  more  explicit  respecting  the  above  statements. 
The  total  zinc  production  of  the  world,  in  1913,  was  about 
1,000,000  metric  tons,  of  which  Belgium,  Holland  and  Germany 
produced  about  500,000  tons.  Broken  Hill,  in  1910-12,  pro- 
duced an  average  of  450,000  tons  of  blende  concentrate  per 
annum,  averaging  46  to  47%  zinc,  which  may  be  roughly  cal- 
culated as  equivalent  to  a  yield  of  170,000  tons  of  spelter,  or 
about  35%  of  the  total  of  Germany  and  the  low  countries. 

The  immense  Australian  ore  supply  was  contracted  to  the 
three  great  German  metal  merchandizing  firms,  which  dis- 
tributed the  ore  among  the  smelters  of  Germany  and  Belgium. 
Those  smelters  coming  thus  into  possession  of  so  large,  so  uni- 
form, and  so  regular  a  supply  of  ore,  the  like  of  which  in  none 
of  those  respects  had  ever  previously  been  experienced  in  the 
zinc  industry,  were  able  to  standardize  their  smelting  practice, 
not  only  as  to  a  single  works  but  also  as  to  many  works,  which 
was  metallurgically  beneficial. 

The  Broken  Hill  zinc  ore  was  rather  high  in  lead.  In  pre- 
vious times,  zinc  smelters  generally  were  averse  to  smelting 
ore  containing  more  than  2  or  3%  of  lead,  although  there  were 
a  few  smelters  who  made  a  practice  of  treating  ores  relatively 
high  in  lead  and  recovering  a  considerable  proportion  of  the 
lead  therefrom.  With  the  advent  of  the  Broken  Hill  ore,  the 
recovery  of  lead  as  a  by-product  in  zinc  smelting  became  the 
regular  thing ;  and  in  fact,  the  smelters  of  Belgium  and  Germany 
went  practically  upon  a  zinc-lead  basis  and  even  became  insistent 
upon  having  a  percentage  of  lead  present  in  their  ore,  that  was 
far  above  what  in  earlier  years  had  been  regarded  as  permissible. 

Another  radical  change  in  the  zinc  industry,  that  was  in 
progress  previous  to  the  war,  involved  the  establishment  of  new 
loci  of  zinc  smelting  and  was  rather  directly  connected  with 
the  Australian  development.  The  art  of  zinc  smelting  is  one 
of  a  multiplicity  of  details  in  which  the  part  played  by  many 
workmen  spells  the  difference  between  success  and  failure.    No 
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matter  how  careful  the  plans  of  the  engineer  may  be,  they  are 
likely  to  come  to  naught  unless  there  be  good  workmen  to  carry 
them  out ;  and  the  making  of  good  workmen  requires  long  train- 
ing. The  possession  of  a  class  of  workmen  which  has  been  en- 
gaged in  zinc  smelting  during  several  generations  is  one  reason 
why  Belgium  continued  to  be  a  great  zinc  smelting  country 
long  after  its  own  resources  were  exhausted.  And  because  of 
the  absence  of  such  a  class  of  smelters,  it  has  been  universally 
the  experience  that  the  inauguration  of  new  zinc  smelting  en- 
terprises in  new  regions  has  been  attended  by  difficulties  which 
generally  have  wrecked  the  adventurer.  With  the  advent  of 
the  great  Australian  ore-producing  interests,  however,  there 
entered  into  the  zinc  industry  a  group  of  concerns  with  finan- 
cial resources  that  enabled  them  to  build  zinc  smelting  works  in 
any  logical  location,  and  with  equanimity  to  carry  them 
through  the  period  in  which  the  native  population  had  to  be 
taught  how  to  smelt  zinc  ore.  Thus,  we  have  already  witnessed 
the  erection  and  operation  of  two  zinc  smelteries  in  Australia; 
we  have  seen  the  foundations  laid  for  a  great  zinc  smeltery  far 
away  in  Siberia;  and  we  have  reason  to  believe  that  ere  long 
a  zinc  smeltery  may  be  erected  at  some  seaport  of  India.  In 
the  meanwhile,  the  Japanese,  with  their  customary  adaptive- 
ness,  have  inaugurated  zinc  smelting  within  their  empire. 
There  were,  therefore,  plans  on  foot  that  promised  to  make  the 
art  of  zinc  smelting  one  of  far  wider  application  than  it  had 
ever  been  during  the  century  of  its  commercial  history.  These 
conditions  were  fully  in  evidence  before  the  war  began. 

Germany,  by  virtue  of  its  own  great  deposits  of  zinc  ore 
in  Upper  Silesia  and  its  contracts  for  the  Broken  Hill  ore,  was 
the  great  purveyor  of  spelter  to  the  rest  of  Europe,  especially 
to  England.  The  first  great  consequences  of  the  war  were  to 
suspend,  to. a  major  extent,  the  production  of  zinc  ore  in  Aus- 
tralia, there  being  insufficient  surplus  smelting  capacity  outside 
of  Germany  and  Belgium  to  receive  it ;  and  to  throw  a  large  part 
of  the  spelter  requirements  of  Great  Britain,  France  and  Rus- 
sia upon  the  United  States,  the  result  of  which  was  to  raise  the 
pri-ce  for  spelter  to  a  figure  not  previously  recorded  in  many 
years.  What  other  major  and  minor  effects  the  disturbance  of 
the  war  may  have  upon  the  spelter  industry  lie  within  the 
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sphere  of  prophecy.  I  will  venture  no  more  than  the  sugges- 
tion that  they  will  be  profound. 

The  world's  great  districts  of  zinc  smelting  have  hereto- 
fore been  Upper  Silesia  and  Bheinland- Westphalia,  in  Ger- 
many; the  valley  of  the  Meuse  and  the  Campine,  in  Belgium 
and  Holland ;  and  Kansas,  Oklahoma  and  Illinois,  in  the  United 
States.  The  art  of  zinc  smelting  was  first  introduced  (from 
China)  into  Great  Britain,  but  the  British  smelters  have  not, 
during  the  last  100  years,  been  leaders  in  the  art ;  nor  has  zinc 
smelting  attained  great  magnitude  in  their  land. 

During  the  last  50  years,  there  have  been  three  types  of 
zinc  smelting  (the  earlier  English  and  Carinthian  processes 
having  disappeared),  which  are  known  as  the  Silesian,  Belgo- 
Silesian,  and  Belgian.  In  recent  years,  the  Belgo-Silesian 
method  has  become  known  as  the  Rhenish,  and  this  has  shown 
a  strong  tendency  to  displace  the  Belgian  process  in  Belgium 
and  an  even  stronger  tendency  to  displace  the  Silesian  process 
in  Silesia.  The  reasons  for  this  are  discussed  in  the  metallur- 
gical treatises,  of  which  zinc  smelting  has  recently  acquired  a 
rich  literature.  They  may  be  summarized  as  a  superior  econ- 
omy, as  compared  with  the  Belgian  furnace ;  and,  in  Silesia,  a 
change  in  the  character  of  the  ore  which  causes  this  method  to 
be  better  adapted  than  the  Silesian  furnace.  In  the  United 
States,  the  method  of  smelting  is  essentially  the  Belgian,  which 
has  been  modified  to  conform  to  peculiar  conditions. 

Considering  the  art  of  zinc  smelting  upon  its  broadest 
lines,  the  variations  between  European  and  American  practice 
are  explained  by  variations  in  fundamental  conditions,  which 
may  be  summarized  in  the  statement  that  in  Europe  labor  is 
cheap  and  coal  is  dear ;  while  in  the  United  States,  coal  is  cheap 
and  labor  is  dear.  Thus,  we  find  American  smelters  striving 
ever  for  mechanical  substitutes  for  hand  labor,  and  European 
smelters  aiming  always  to  reduce  coal  consumption.  There 
have  been  other  determinative  factors,  the  differences  between 
which  are,  however,  tending  to  disappear.  One  of  these  is  per- 
manence of  the  smelting  districts.  Another  is  scientific  atten- 
tion to  the  art. 

Zinc  smelting  was  begun  in  Upper  Silesia  in  1798  and  on 
the  Meuse  in  1807,  and  ever  since  those  dates,  has  been  con- 
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ducted  in  those  districts.  Their  metallurgical  stability  has 
induced  operators  to  build  substantially.  From  an  early  date, 
moreover,  the  smelting  was  directed  by  educated  metallurgists, 
and  both  in  French  and  German  is  there  a  literature  extending 
backward  for  a  century.  In  the  United  States,  on  the  other 
hand,  only  two  works,  viz.,  those  at  LaSalle  and  Peru,  in  Illi- 
nois, have  a  long  history,  and,  in  the  main,  the  zinc  smelting 
industry  has  been  characterized  by  shifts  and  uncertainties  that 
stifled  ideas  of  permanent  building.  About  1871,  zinc  smelting 
was  begun  at  Pittsburg,  Kan.,  and  for  30  years  was  conducted 
with  an  absurd  disregard  of  scientific  control.  Not  until  about 
1898  were  chemists  employed,  even  to  assay  the  ores  bought 
and  smelted.  Ore  was  cheap,  and  for  three  decades  the  pre- 
cept was  ** better  butcher  the  ore  than  butcher  the  furnace". 
About  1901,  most  of  the  smelteries  in  this  district  were  scrapped 
and  the  lola  district,  where  natural  gas  occurred,  became  para- 
mount. Ten  years  later,  lola  was  the  scene  of  deserted  works 
and  the  star  of  Bartlesville  and  CoUinsville,  in  Oklahoma,  was 
ascendant,  but  even  now  it  is  waning  and  the  great  locus  of 
zinc  smelting  is  becoming  the  coal  fields  of  Illinois  and  further 
eastward.  With  this  last  move,  zinc  smelters  show  that  they 
are  building  for  permanent  business,  not  merely  to  reap  some 
ephemeral  natural  advantage,  and  with  the  utilization  of  the 
services  of  metallurgists  (whkh  has  been  general  only  within 
the  last  10  or  15  years),  certain  differences  between  European 
and  American  results  are  tending  to  disappear. 

One  other  basic  condition  requires  mention.  European 
smelters  operate  generally  in  highly  developed  industrial  re- 
gions, affording  a  market  for  sulphuric  acid  and  rendering  the 
free  discharge  of  sulphur  smoke  unpermissible  anyhow.  There- 
fore, European  smelters  long  ago  began  to  make  sulphuric  acid 
as  a  by-product  of  blende  roasting.  American  smelters,  on  the 
other  hand,  were  able  to  emit  their  smoke  without  doing  great 
harm  and  had  no  market  for  acid.  Consequently,  they  did  not 
make  it.  This  condition,  also,  is  undergoing  radical  change.  Every 
smelter  of  blende  east  of  the  Mississippi  River  now  makes  acid. 

In  many  respects,  the  development  of  the  American  zinc 
smelting  industry  has  exhibited  absence  of  initiative  and  curi- 
ous contradictions.     Our  two  great  names  are  Wetherill  and 
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Hegeler.  The  former  invented  the  process  of  making  zinc 
oxide  direct  from  ore.  The  latter  introduced  the  first  success- 
ful mechanically-raked  muffle  furnace  for  blende  roasting, 
modified  the  Belgian  distillation  furnace  and  introduced  many 
mechanical  contrivances.  The  best  American  zinc-smelting 
practice  of  the  present  day  follows  very  closely  in  Hegeler 's 
footsteps,  with  certain  improvements  borrowed  from  Belgium 
and  Germany. 

During  the  last  20  years,  the  vogue  of  the  mechanical  fur- 
nace for  blende-roasting,  in  the  United  States,  has  become  all 
but  universal.  At  the  present  time  our  works  have  capacity 
for  roasting  about  800,000  tons  of  blende  per  annum,  and  only 
two  or  three  examples  of  the  old  hand-roasting  kilns  survive. 
Yet,  of  our  mechanical  furnaces,  the  Hegeler  dates  back  to 
1884,  and  during  the  last  15  years  there  has  been  no  introduc- 
tion of  any  new  type — an  emphatic  commentary  upon  the  ab- 
sence of  originality  that  has,  heretofore,  characterized  zinc 
smelting  in  America.  In  the  meanwhile,  the  Germans  have  ex- 
hibited much  alertness  in  developing  and  adopting  mechanical 
roasting  furnaces  in  spite  of  their  lower  rates  of  wages  and 
consequent  lack  of  incentive  to  substitute  machines  for  men. 

I  may  best  elucidate  further  comparisons  between  Euro- 
pean and  American  practice  by  sketching  the  principal  parts  of 
a  modern  zinc  smelting  works.  In  all  of  what  follows  in  this 
paper,  I  have  in  mind  only  the  smelting  with  coal-fired  fur- 
naces, dismissing  from  attention  the  smelting  with  natural  gas 
in  the  United  States,  which  is  on  the  wane.  Nor  are  the  figures 
that  I  give  intended  to  represent  the  practice  with  Silesian 
furnaces  in  Upper  Silesia,  Germany. 

The  ore  is  delivered  into  the  works  in  railway  cars,  from 
which  it  is  unloaded  directly  into  the  storage  bins.  The  means 
for  unloading,  sampling,  storing  and  reclaiming  have,  hereto- 
fore, been  rather  crude  in  many  of  the  American  works,  but 
recently  there  has  been  an  increasing  tendency  to  adopt  the 
superior  methods  that  have  long  obtained  among  lead  and 
copper  smelters. 

The  ores  coming  to  the  zinc  smelter  are  classified  as  cala- 
mine and  blende.  In  Europe,  the  former  is  still  calcined.  In 
America,  the  calcination  of  calamine  was  abandoned  by  the 
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smelters  many  years  ago,  the  advantages  being  pronounced 
unequal  to  the  cost.  Blende,  of  course,  must  always  be  roasted. 
In  America,  we  use  the  Hegeler  furnace  if  sulphuric  acid  is  to 
be  made ;  otherwise,  simpler  forms  of  mechanical  furnace.  Our 
object  is  mainly  to  save  labor.  In  Europe,  hand-raked  furnaces 
of  the  Rhenania,  or  the  later  Delplace,  type  are  commonly  em- 
ployed, which  are  both  designed  and  operated  to  save  coal. 
The  dead-roasting  of  blende  has  been  regularly  effected  with  a 
coal  consumption  of  only  10%  of  the  weight  of  the  ore,  a  lower 
figure  than  has  ever  been  achieved  in  the  United  States.  How- 
ever, there  is  a  growing  usage  of  mechanical  roasting  furnaces 
in  Europe  and  an  adoption  of  such  new  and  excellent  types  as 
the  Merton  and  the  Spirlet,  which  American  smelters  have  not 
yet  ventured  to  try. 

The  roasted  ore  goes  to  the  mixer,  where  it  is  united  with 
the  proper  proportion  of  reduction  coal.  Mechanical  mixing  and 
careful  attention  to  this  important  part  of  the  process  were  early 
practiced  at  LaSalle,  but,  elsewhere  in  the  United  States,  this 
was  generally  done  in  ways  far  below  European  standards  until 
recently.    However,  we  are  no  longer  subject  to  such  a  reproach. 

Following  European  practice,  our  distillation  furnaces  are 
now  commonly  built  entirely  above  the  ground,  the  unclean, 
uncomfortable  and  unsanitary  subterranean  galleries  of  old 
being  abolished.  The  Europeans  are  still  ahead  of  us,  however, 
in  ventilation  of  the  furnace  houses.  The  Europeans  generally 
lay  out  their  furnaces  in  line.  We  lay  them  out  in  rows.  The 
Europeans  commonly  employ  recuperative  (both  reversing  and 
counter-current)  furnaces — again  with  view  to  economy  of  coal 
— and  succeed  in  smelting  a  ton  of  ore  with  as  little  as  a  ton  of 
coal.  In  the  United  States,  we  use  mostly  the  long  Hegeler 
furnace.  With  natural  gas  firing,  there  is  no  heat  recuperation. 
With  coal  firing,  the  economizing  of  fuel  takes  the  form  of  gen- 
erating steam  from  the  waste  gases.  The  long  furnaces  and  the 
steam  boiler  accessories  are  distinctly  American,  and  both  are 
due  to  Hegeler.  To  Hegeler  also  is  due  the  charging  car,  metal 
drawing  car,  and  other  mechanical  contrivances  in  aid  of  the 
work  about  the  distillation  furnaces.  The  only  successful  me- 
chanical chargers,  however,  are  of  European  origin;  but  a 
recent  American  invention  of  some  promise  is  a  mechanical  dis- 
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charger.  A  distinctive  feature  of  American  distillation  fur- 
nace practice  is  the  use  of  blowers  for  the  delivery  of  the  com- 
bustion-air to  the  furnaces^. 

In  the  manufacture  of  retorts,  the  hydraulic  press,  which 
originated  in  Belgium,  is  now  commonly  employed  both  in 
Europe  and  America.  However,  the  Europeans  give  more 
attention  to  the  manufacture  of  their  retorts  and,  unquestion- 
ably, make  a  better  retort  than  we  do. 

In  the  handling  of  material  in  the  works,  the  modern 
American  plants  are  as  well  equipped  with  tramways,  elevat- 
ors, etc.,  as  are  lead  smelteries  of  corresponding  size.  In  this 
respect,  our  best  American  plants  are  in  no  wise  inferior  to  the 
best  European. 

European  smelters  have  long  recovered  lead  and  silver 
from  their  retort  residues.  American  smelters  now  do  so  to  a 
considerable  extent,  but  the  treatment  of  lead-bearing  ores  and 
recovery  of  the  lead  is  less  a  feature  of  American  practice  than 
it  is  of  the  European.  American  zinc  smelters  pass  the  whole 
of  their  residue  to  the  lead  smelters.  European  zinc  smelters 
commonly  concentrate  it  by  jigs  and  tables  and  deliver  a  lead 
concentrate  for  smelting. 

Metallurgically,  the  essence  of  zinc  smelting  is  the  temper- 
ature of  distillation.  Speaking  generally,  the  higher  the  tem- 
perature the  better  is  the  extraction  of  zinc.  But  with  bad 
ores,  and  bad  practice,  high  temperature  is  infeasible;  for  the 
furnaces  and  retorts  will  not  stand  it.  A  bad  ore  may  be 
smelted  with  but  little  trouble,  at  a  relatively  low  temperature, 
but  the  extraction  of  zinc  will  be  poor.  The  aim  of  the  zinc 
smelter  is  to  smelt  a  bad  ore  and  obtain  the  maximum  possible 
percentage  of  zinc  out  of  it. 

In  general,  the  Europeans  excel  the  Americans  in  this  re- 
spect. They  mix  their  ores  more  scientifically,  they  make  better 
retorts  and  they  build  stronger  furnaces,  all  of  which  contrib- 
ute to  an  ability  to  drive  their  furnaces  at  higher  temperature 

*  Let  it  be  noted  that  in  oflfering  these  broad  generalizations  of  com- 
parative European  and  American  practice,  it  is  well  in  mind  that  there  are 
representatives  of  several  furnace  types  in  the  United  States.  Thus  are  to 
be  found  Siemens-Belgian  furnaces  at  Peru  and  Depue,  Overpelt-Rhenish 
furnaces  at  Pueblo,  and  counter-current  recuperative  furnaces  at  Palmerton. 
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than  Americans  have  yet  attained,  and,  at  the  same  time,  they 
manage  with  ores  that  are  rather  high  in  lead.  In  so  smelting, 
they  make  a  leady  spelter,  but  a  simple  refining  in  a  reverber- 
atory  furnace  removes  the  excess  lead.  In  only  one  American 
works  is  that  practiced. 

European  smelters  also  generally  recover  blue  powder  as  a 
commercial  product.  This  is  obtained  from  the  prolongs,  which 
condense  a  proportion  of  zinc  that  would  otherwise  be  lost. 
American  smelters  do  not  use  prolongs.  Although  in  trials  of 
them,  an  additional  1  or  2%  of  the  zinc  has  been  obtained,  they 
have  found  it  to  be  unprofitable — this  again  reflecting  the  dif- 
ference in  labor  conditions. 

I  have  outlined  the  main  differences  between  European 
and  American  practice  in  zinc  smelting.  They  are  explained 
by  the  reasons  previously  mentioned.  Per  ton  of  raw  sulphide 
ore,  the  American  smelter  uses  about  2  to  2Y2  tons  of  coal  and 
two  or  three  man-days  of  labor;  and  extracts  about  84  to  88% 
of  the  zinc  that  is  in  his  ore ;  if  he  treats  lead-bearing  ore,  he 
may  recover  50  to  60%  of  the  lead^. 

The  European  smelter  uses  about  V/4,  to  1%  tons  of  coal 
and  3  to  3V2  man-days  of  labor;  and  extracts  88  to  90%  of  the 
zinc  that  is  in  his  ore,  and  about  50  to  70%  of  the  lead. 

I  hope  to  disarm  criticism  of  these  figures  by  stating  that 
such  figures  properly  should  be  accompanied  by  qualifications 

*  The  matter  of  lead  recovery  can  be  but  vaguely  stated,  it  being  so 
intimately  related  with  the  original  content  of  the  ore  and  the  manner  of 
effecting  the  recovery.  The  main  sources  of  loss  are,  (1)  by  volatilization 
during  roasting;  (2)  by  volatilization  during  distillation,  a  portion  of  which 
may  be  recoverable  by  refining  the  spelter;  (3)  in  the  tailings  of  the  mill, 
dressing  the  retort  residues;  and  finally  there  are  (4)  the  ordinary  losses  of 
the  lead  smelting  furnace.  As  a  debit  against  any  lead  that  may  be 
recovered  under  (2),  is  the  cost  of  refining  the  leady  spelter.  Process  (3)  is 
a  source  of  large  loss  and  may  be  omitted,  but  then  there  is  an  increased 
weight  of  material  to  be  treated  by  the  lead  furnaces  and  therefore  a  higher 
cost  of  smelting.  Yet,  here  again  there  may  be  an  offsetting  condition,  viz., 
the  residues  may  be  high  in  iron  and  the  lead  smelter  may  need  iron.  These 
few  remarks  will  give  an  idea  of  the  complexity  of  this  subject,  which  is 
indeed  incapable  of  accurate  generalization.  The  only  answer  is  that  which 
is  expressed  in  dollars  and  cents  in  each  case.  What  applies  to  lead  also 
applies  to  silver.  In  my  generalizations  of  the  requirements  of  coal  and 
labor  in  zinc  smelting,  I  have  not  included  anything  involved  in  the  refining 
of  spelter  or  in  the  treatment  of  residues  remaining  after  zinc  extraction. 
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and  explanations  that  would  run  to  pages  in  length  and  would 
constitute  a  condensed  treatise  upon  the  metallurgy  of  zinc; 
and  that  I  oflfer  the  figures  that  I  have  used  merely  as  broad 
generalizations  for  the  purpose  of  exhibiting,  in  tabloid  form, 
the  lessons  deduced  from  the  differences  in  the  art  as  practiced 
in  Germany  and  the  low  countries  and  in  the  United  States. 
They  mean  that  the  Europeans,  with  the  aid  of  better  furnaces 
and  superior  technical  direction,  are  able  to  smelt  more  refrac- 
tory ore  than  we  Americans,  and  yet  extract  a  higher  propor- 
tion of  the  valuable  metals.  They  have  built  more  substantial 
plants — secure  from  fear  of  geographical  migration  of  their 
industry — ^for  the  sake  of  increased  durability  and  maximum 
economy  of  fuel.  While  the  rates  pf  wages  are  higher  in  the 
United  States  than  in  Europe,  American  zinc  smelters  have  not 
been  able  to  offset  that  by  the  development  of  superior  effic- 
iency, in  the  ways  that  the  copper  and  lead  smelters  have  done. 
Man  for  man,  the  German  and  Belgian  smelter  does  as  much 
work  as  the  American.  Thus,  the  attendance  of  the  distillation 
furnaces  in  Rheinland  and  Belgium  requires  1.75  to  2.5  man- 
shifts per  ton  of  roasted  ore,  while  in  America  the  requirement 
is  1.75  to  2.25.  The  difference  in  labor  in  roasting  is  insig- 
nificant when  mechanical  furnaces  are  employed.  Such 
economies  in  labor  as  America  has  effected  have  been  chiefly  in 
the  handling  of  material,  which,  in  zinc  smelting,  is  a  relatively 
small  part  of  the  process. 

Before  concluding  this  paper,  I  am  bound  to  refer  to  cer- 
tain misconceptions  respecting  the  status  of  zinc  smelting  that 
continue  to  exist  and  the  possibilities  of  any  radical  changes 
happening  in  this  art,  such  as  have  happened  in  lead  and  cop- 
per smelting. 

The  art  of  zinc  smelting  is  far  from  being  at  a  standstill. 
When  we  find  1000  kg.  of  ore  requiring  1000  calories  of  heat 
being  distilled  with  1100  kg.  of  coal  equivalent  to  8000  calories, 
as  is  done  in  the  best  practice,  we  are  observing  a  thermal  effic- 
iency of  12i/l>9f,  which  compares  favorably  with  good  steam 
practice.  When  we  find  a  ton  of  ore  being  smelted  with  21^ 
man-days  of  labor,  and  consider  that  we  are  dealing  with  a 
concentrated  product,  and  reflect  that  the  total  weight  of  ma- 
terial handled  is  relatively  small  and  that  the  work  on  it  from 
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step  to  step  is  often  more  cheaply  done  by  a  man  than  by  a 
machine,  we  do  not  feel  unduly  mortified  by  our  results.  Nor 
does  the  extraction  of  only  85  or  90%  of  the  zinc  content  of  the 
ore  shame  us  very  much  when  we  reflect  upon  the  peculiar  and 
troublesome  metallurgical  properties  of  zinc. 

The  so-called  problem  of  the  mixed  sulphide  ores  that  has 
engaged  so  much  attention  during  50  or  60  years  is  not  a  ques- 
tion of  how  such  ores  may  be  treated — ^for  means  have  been 
known  for  a  long  time — but,  rather,  is  it  a  question  of  how  may 
such  ores  be  treated  with  sufficient  cheapness.  This  problem 
has  been  solved  to  a  large  extent  by  the  improvements  in  the 
art  of  mechanical  concentration  (especially  the  flotation  proc- 
ess) and  the  improved  ability  of  the  zinc  smelter  to  treat 
plumbiferous  and  ferruginous  ore.  Yet,  there  are  still  ores 
whereof  the  beneficiation  is  highly  unsatisfactory,  such,  for 
example,  as  those  ores  which  contain  fluorite  and  those  ores 
which  are  a  crypto-crystalline  mixture  of  the  component  sul- 
phide minerals.  The  present  treatment  of  zinc  ores  that  are 
high  in  silver  leaves  much  to  be  desired.  For  some  of  these 
ores  it  is  possible  that  hydrometallurgical  or  hydrometallurgi- 
cal-electrometallurgical  processes  may  be  useful  in  certain  cases. 
There  has  been  a  commercial  hydrometallurgy  of  zinc  for  many 
years,  but  it  has  not  been  extensive,  simply  for  the  reason  that 
most  ores  could  be  more  profitably  treated  in  other  ways.  The 
precipitation  of  zinc  from  solutions  by  electrolysis  used  to  be 
troublesome  and  unsatisfactory,  but  now  that  seems  to  have 
been  mastered. 

Electri-c  zinc  smelting,  which  has  engaged  a  good  deal  of 
attention  during  the  last  15  years,  is  metallurgically  of  the  same 
nature  as  ordinary  smelting ;  the  main  difference  is  that,  in  one 
case,  the  zinc  is  distilled  by  the  heat  of  the  electric  arc  or  the 
heat  of  electric  resistance;  while,  in  the  other  case,  it  is  done 
by  the  combustion  of  coal.  So  far,  electric  smelting  has  become 
an  art  only  in  Sweden  and  Norway,  where  several  thousands 
of  tons  of  spelter  are  annually  produced  by  this  method.  The 
smelters  in  Sweden  and  Norway  enjoy  very  cheap  power, 
whereby  they  have  been  able  to  overcome,  or  at  least  meet,  the 
main  obstacle  that  has  heretofore  prevented  electric  smelting 
from  becoming  a  commercial  art  elsewhere. 


Paper  No.  191 


TFIE  DEVELOPMENT  OF  ZINC  SMELTING  IN  THE 

UNITED  STATES. 


By 


GEORGE  C.  STONE,  Mem.  A.  I.  M.  E. 

Chief  Engineer,  New  Jersey  Zinc  Co. 

New  York,  N.  Y.,  U.  S.  A. 


The  increase  in  the  spelter  production  of  the  world  during 
the  last  thirty  years  has  been  tremendous,  and  more  than  half 
of  it  has  been  in  the  output  of  the  United  States,  which  has 
increased  its  production  more  than  all  other  countries  together. 
But  while  the  quantity  of  spelter  produced  by  the  country  as  a 
whole  has  increased  enormously  and  very  steadily,  the  produc- 
tion of  the  different  smelting  districts  has  varied  widely. 

The  first  spelter  produced  in  this  country  was  made  by  the 
United  States  Government,  in  Washington,  D.  C,  in  1838,  from 
ore  from  Franklin  Furnace,  N.  J. — boulders  of  ore  from  the 
glacial  drift  in  the  Sparta  Valley  just  south  of  Franklin,  and 
ore  from  Perkiomen,  Pa.  The  workmen  were  brought  from  Bel- 
gium, built  the  furnace,  smelted  the  desired  amount  of  ore,  and 
returned  to  their  own  country.  The  spelter  made  was  used  to 
produce  the  brass  for  the  standard  weights  and  measures.  The  old 
pit  at  Franklin  from  which  the  ore  was  taken  was  known  as  the 
** weights  and  measures  opening"  until  it  was  finally  destroyed 
in  the  course  of  mining,  about  1900. 

The  first  serious  attempt  to  make  spelter  in  this  country  was 
by  Joseph  Wharton,  in  Bethlehem,  using  the  oxidized  ores  of 
Friedensville.  In  1856  or  1857,  he  employed  Messrs.  Matthies- 
sen  and  Hegeler,  two  young  German  metallurgists  who  had  just 
arrived  in  this  country,  to  build  a  furnace.  This  was  tried  and 
abandoned,  partly  for  the  reason  of  a  failure  to  agree  with  the 
designers,  and  partly  for  financial  reasons.    In  1859,  Col.  Wether- 
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ill,  of  Zinc  oxide  fame,  built  a  spelter  furnace  for  him  that  was 
not  successful.  Finally,  in  1859  according  to  some  reports,  and 
in  1862  according  to  others,  Mr.  Wharton  brought  to  this  coun- 
try Louis  de  Gee,  an  engineer,  and  workman  from  Liftge,  who 
built  and  operated  a  plant  that,  with  some  interruptions,  con- 
tinued to  make  spelter  until  1911.  In  the  meantime,  Messrs. 
Matthiessen  and  Hegeler  had  gone  West,  and  after  studying  con- 
ditions there,  built  a  works  at  La  Salle,  111.,  the  nearest  point  in 
the  then  known  coal  field  to  the  Wisconsin  mines.  In  writing  to 
one  of  the  La  Salle  papers  in  June,  1910,  immediately  after  the 
death  of  Mr.  Hegeler,  Mr.  Matthiessen  says : 

'  *  The  first  shovelful  of  dirt  was  turned  up  December  24, 
1858.  We  had  a  furnace  running  successfully  when  the  Civil 
War  broke  out.  There  being  no  sale  for  spelter  after  the 
outbreak  of  hostilities,  we  ceased  temporarily,  but  com- 
menced operations  again  when  in  1862  or  1863  a  lively  de- 
mand arose  for  zinc  in  the  manufacture  of  arms  and  car- 
tridges. During  the  cessation  of  manufacturing  we  had  been 
making  experiments,  so  that  when  we  started  again  we  did 
so  with  decidedly  improved  methods." 
The  credit  for  having  first  produced  spelter  on  a  commercial 
scale  in  the  United  States  is,  therefore,  due  to  Messrs.  ^Matthies- 
sen  and  Hegeler. 

The  New  Jersey  Zinc  Company  at  Newark,  New  Jersey,  and 
the  Passaic  Zinc  Company  at  Jersey  City,  New  Jersey,  built 
spelter  works  shortly  afterwards.  Several  other  small  works 
were  built  in  the  East  at  various  times,  but  none  of  them  were 
important  in  quantity  produced  or  length  of  life,  except  the 
works  at  Constable  Hook,  Bergenport,  N.  J.  These  works  were 
operated  more  or  less  intermittently  on  the  extremely  pure  ores 
of  Friedensville,  Pa.,  and  were  among  the  most  important  pro- 
ducers until  finally  closed  in  1888,  owing  to  the  inability  of  the 
Company  to  handle  the  water  in  the  mines. 

In  1880,  the  works  afterwards  owned  by  the  Bertha  Mineral 
Company  were  started  at  Pulaski,  Va.,  and  were  operated  until 
1911.  The  small  works  of  the  Wythe  Lead  &  Zinc  Company,  at 
Austinville,  Va.,  were  only  operated  for  a  short  time,  and  never 
produced  much  spelter.  The  most  important  works  in  the  East 
is  that  of  the  New  Jersey  Zinc  Company  (of  Pa.),  at  Palmerton, 
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Pa.  This  was  started  in  1898,  and  has  been  added  to  several 
times  sin<;e.  It  is  now  practically  the  only  producer  of  spelter 
east  of  the  AUeghanies.  The  East  has  thus  been  a  continuous 
producer  of  spelter  from  the  beginning  of  the  industry  until  the 
present  day,  and  although  relatively  not  as  important  as  for- 
merly, still  produces  a  considerable  proportion  of  the  total. 

The  first  district  to  take  up  spelter  production  was  the 
Mississippi  Valley,  where  Messrs.  Matthiessen  and  Hegeler  started 
their  plant  at  La  Salle,  111.,  as  already  stated,  and  shortly  after 
the  Illinois  Zinc  Company  started  theirs  at  Peru,  111.,  close  by. 
Both  works  are  still  in  operation  and  have  been  several  times 
increased  in  size.  In  addition  to  spelter,  both  make  sulphuric 
acid,  and  have  rolling  mills.  They  were  followed  by  the  Edgar 
Zinc  Company,  at  Carondelet,  Mo.,  in  1869,  the  CoUinsville  Zinc 
Company  at  CoUinsville,  111.,  in  1886,  the  Winona,  in  1892,  and 
some  other  smaller  plants.  In  1896  the  development  of  the  natu- 
ral gas  region  of  Kansas  commenced,  and  no  new  works  were 
built  in  the  Mississippi  Valley  until  the  gas  began  to  show  signs 
of  exhaustion.  In  September,  1906,  the  Mineral  Point  Zinc 
Company  started  its  works  at  Depue,  111.,  a  few  miles  from  La 
Salle  and  Peru.  A  little  later  the  United  Zinc  and  Chemical  Co. 
built  at  Springfield,  111.,  Hegeler  Bros,  at  Danville,  The  Granby 
Co.  at  Rose  Lake,  and  the  American  Zinc,  Lead  &  Smelting  Co. 
at  Hillsboro.  All  are  large  modem  plants,  and  have  resulted  in  a 
tremendous  increase  in  the  production  of  this  region.  In  1882 
the  Mississippi  Vallej^  produced  21,000  tons  of  spelter.  This  had 
gradually  increased  to  62,000  tons  in  1907,  or  about  200%  in 
twenty-five  years.  In  1914  it  was  135,000  tons,  an  increase  of 
over  110%  in  seven  years. 

Before  the  Mississippi  Valley  smelters  had  been  in  operation 
for  many  years,  the  development  of  the  Joplin  district  began,  and 
before  long  the  greater  part  of  their  ore  was  derived  from  this 
field.  In  1878  the  Cherokee  Zinc  Co.  built  its  first  plant  at  Pitts- 
burg, Kans.,  near  Joplin ;  and  from  1878  to  1899,  a  dozen  works 
were  built  at  Pittsburg,  Weir  City,  Cherokee,  Girard  and  Bruce, 
Kans.,  Nevada  and  Joplin,  Mo.,  by  the  Cherokee-Lanyon  Co., 
Empire  Zinc  Company,  Girard  Zinc  Company,  S.  H.  Lanyon  & 
Bro.,  Lanyon  Zinc  Company,  Midland  Smelting  Company,  G.  E. 
Nicholson  and  the  Rich  Hill  Mining  and  Smelting  Company. 
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These  works  reached  their  maximum  production  in  1897  and 
1898,  and  declined  very  rapidly  after  that,  most  of  them  moving 
to  the  natural-gas  field.  By  1903,  nearly  all  had  ceased  opera- 
tions, and  practically  no  spelter  was  made  in  this  region  after 
1908. 

Messrs.  William  and  Robert  H.  Lanyon  built  the  first  works 
in  the  natural-gas  field  at  lola,  Kans.,  in  1896-7,  and  as  soon  as 
they  had  overcome  the  difficulties  of  working  under  the  new  con- 
ditions, they  built  a  second  works  at  the  same  place,  and  shortly 
afterwards,  a  third  at  La  Harpe,  a  few  miles  to  the  east.  In  1899, 
three  more  works  were  built,  by  other  parties,  in  the  same  neigh- 
borhood, and  one  at  Cherrj'^vale,  about  46  miles  to  the  south. 
The  development  of  this  field  was  extremely  rapid,  and  by  1901 
it  was  the  largest  producing  district  in  the  country.  Other  works 
were  built  later  in  other  parts  of  the  Kansas  gas  field,  but  the 
immediate  vicinity  of  lola  remained  the  largest  producing  point 
until  the  gas  began  to  show  signs  of  exhaustion ;  and  from  that 
time,  production  at  this  point  declined  rapidly  until  the  present, 
when  only  one  works  is  in  operation  at  Gas  City,  between  lola 
and  La  Harpe,  and  one  at  lola.  In  the  meantime,  other  works 
had  been  built  at  other  points  in  Kansas — Chanute,  Altoona,  etc. 

In  1905  the  first  works  in  the  Oklahoma  field  was  built,  and 
the  output  here  increased  more  rapidly  than  that  of  Kansas  de- 
clined; so  that  the  capacity  of  the  entire  natural  gas  district 
increased  until  1912,  when  it  reached  its  maximum  of  178,000 
tons.    During  the  past  two  years,  it  has  dropped  to  137,422  tons. 

In  the  meantime,  in  1892,  works  had  been  built  in  the  Indiana 
gas  field,  at  Ingalls  and  Marion.  For  a  few  years,  they  were 
quite  important  producers,  but  the  gas  did  not  last,  and  by  1904 
they  had  practically  ceased  operations. 

In  1903,  the  United  States  Zinc  Company,  an  off-shoot  of  the 
American  Smelting  &  Refining  Company,  built  a  plant  in  Pueblo, 
Colo.,  to  treat  the  argentiferous  zinc-lead  ores  of  that  region.  It 
has  been  increased  in  size  from  time  to  time,  its  growth  about 
keeping  pace  with  that  of  the  industry  as  a  whole.  It  makes 
about  2.5%  of  the  total  production. 

In  1904,  the  Grasselli  Chemical  Company  built  their  first 
smelting  works  at  Clarksburg,  West  Virginia.  Later  they  built  a 
second  about  10  miles  away,  at  Meadowbrook.    Both  have  since 
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been  added  to  several  times.  All  of  the  ore  is  roasted  at  the  acid 
plants  of  the  Company,  at  Cleveland  and  other  points,  and 
shipped  to  West  Virginia,  where  it  is  smelted  with  natural  gas. 
The  Clarksburg  Zinc  Company,  in  the  same  region,  does  not 
smelt  ore,  but  makes  spelter  from  galvanizers'  residues.  The 
American  Zinc  &  Chemical  Company  started  to  build  a  smelting 
and  .acid  plant  at  Langeloth,  Pa.,  in  1913,  to  take  the  place  of 
affiliated  plants  in  the  Kansas-Oklahoma  field.  So  far,  only  the 
acid  plant  has  been  started.  The  production  of  this  district  has 
increased  very  rapidly,  from  6000  tons  in  1904  to  49,000  tons  in 
1914.    It  is  likely  to  increase  greatly  in  the  future. 

The  East  will  remain  an  important  producer  for  many  years 
to  come,  although  it  is  not  likely  ever  to  make  a  very  large  pro- 
portion of  the  total.  Colorado  and  the  extreme  West  are  not 
likely  to  be  much  more  of  a  factor  than  at  present,  unless  a  suc- 
cessful process  of  electric  smelting  or  electrolytic  treatment  is 
discovered.  It  is  not  probable  that  smelting  will  ever  be  resumed 
in  the  Joplin  region.  The  natural  gas  field  has  apparently  passed 
its  maximum  and  is  likely  to  be  of  relatively  much  less  importance 
in  the  future.  The  two  localities  that  will  probably  supply  the 
bulk  of  the  spelter  are  the  Mississippi  Valley  and  the  Pittsburgh 
district.  The  former  has  the  advantage  of  nearness  to  the  ore 
supply  and  cheap  fuel ;  the  latter  is  nearer  to  the  market  for  both 
spelter  and  acid,  and  has  close  at  hand  a  supply  of  better  coal 
that  can  be  used  when  the  gas  gives  out. 

EAST  AND  SOUTH. 

As  before  related,  the  first  works  in  the  East  was  built  at 
Bethlehem,  Pa.,  about  1860.  The  first  successful  furnaces  were 
of  the  ordinary  direct-fired  Belgian  type,  and  some  of  them  re- 
mained in  operation  practically  unchanged  until  the  works  were 
finally  abandoned  in  1911.  At  first,  the  oxidized  ores  from  Fried- 
ensville  alone  were  used;  later,  blende  from  the  same  place  and 
some  from  the  West  was  treated;  and,  for  several  years  before 
the  works  shut  down,  Willemite  from  Franklin.  In  1889,  an 
experimental  gas  furnace  on  purely  German  lines  was  tried  and 
failed.  In  1891,  a  Siemens  furnace  was  built  and  continued  in 
satisfactory  operation  until  the  works  was  abandoned.  In  1896,  a 
furnace  of  a  modified  Rhenish  type  was  tried,  and  while  it  was 
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not  entirely  satisfactory,  the  experiments  with  it  led  Messrs.  G.  G 
Convers  and  A.  B.  De  Saulles  to  the  invention  of  their  furnace, 
which  is  among  the  best  now  used.  In  the  original  Rhenish  fur- 
nace, the  gas  was  burned  in  a  combustion  chamber  in  the 
center,  passed  over  the  dividing  walls  and  down  past  the  retorts 
on  each  side  to  the  regenerators.  In  the  Convers-De  Saulles  fur- 
nace, the  travel  of  the  gas  is  reversed.  It  enters  below  the  retorts 
on  each  side,  goes  up  between  them,  over  the  partition  walls,  and 
out  through  the  central  chamber  to  the  regenerators.  Both  fur- 
naces heated  the  air  only  in  continuous  counter-current  regen- 
erators. 

The  first  attempts  to  make  spelter  in  this  country,  in  1848,  at 
Newark,  were  not  very  serious  or  long-continued,  as  the  attention 
of  the  Company  was  soon  diverted  to  the  manufacture  of  oxide 
of  zinc,  in  which  it  was  very  successful.  At  one  time,  an  English 
furnace  for  distillation  per  descensum  was  tried,  but  was  soon 
abandoned.  No  definite  records  of  this  experiment  remain,  but 
the  tradition  of  the  works  is  that  it  was  a  man-killer.  The  first 
workable  spelter  furnaces  were  built  in  1865,  and  were  of  the 
ordinary  Belgian  type — four  in  a  block,  with  seven  rows  of  eight 
retorts  each.  .  Later,  they  were  replaced  by  longer  and  lower  fur- 
naces, two  to  a  block,  20  retorts  long  and  4  or  5  high,  with  fire- 
places at  both  ends.  These  were  better  adapted  to  the  fine  anthra- 
cite used  as  fuel.  The  fireplaces  were  narrow  and  deep  and  sup- 
plied with  air  by  a  fan ;  they  acted  as  semi-producers  and  gave  a 
very  uniform  distribution  of  heat  with  the  lower  furnaces.  No 
ore  was  smelted  at  these  works,  but  only  refuse  oxide  and  blast- 
furnace flue  dust.    They  were  finally  shut  down  in  1897. 

At  Jersey  City  the  first  spelter  was  made  in  the  early  70s, 
under  the  patent  of  Dr.  Gideon  E.  Moore  (U.  S.  No.  170,760. 
December  7th,  1875).    The  claim  of  the  patent  is  rather  curious: 

''The  improvement  in  the  art  of  distilling  metallic  zinc 
from  its  manganiferous  ores,  consisting  of  the  treatment  of 
the  manganiferous  zinc  ore,  supplementary  saturating  ma- 
terial and  carbonaceous  matter,  simultaneously  in  the  dis- 
tilling vessel  by  heat,  substantially  as  set  forth". 

The  ** supplementary  saturating  material"  is  ''ferruginous, 
silicious  or  silico- ferruginous",  depending  on  cost.  The  object 
of  this  addition  being  stated  to  be  to  prevent  the  corrosion  and 
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destruction  of  the  retorts.  Strange  to  relate,  the  process  is  re- 
ported to  have  worked.  The  Passaic  furnaces  were  of  the  ordi- 
nary Belgian  type,  but  very  high — ^in  some  cases,  9  rows.  The 
works  were  finally  abandoned  in  1901. 

The  Friedensville  ore  was  smelted  for  spelter  at  the  mines 
and  at  Constable  Hook,  N.  J.  In  both  places  the  usual  type  of 
direct-fired  Belgian  furnace  was  used.  Very  little  smelting  was 
done  at  the  mines  and  the  works  were  abandoned  about  1882. 
The  works  at  Bergen  Point  (Constable  Hook)  were  run  for 
several  years  and  produced  an  exceptionally  pure  spelter,  but 
were  finally  closed  and  abandoned  in  1888. 

The  Bertha  Zinc  Company  built  its  plant  at  Martin's  Tank, 
now  Pulaski,  Va.,  in  1880,  and  worked  the  silicate  ore  from  its 
mines  at  Bertha.  Three  grades  of  spelter  were  produced,  and  the 
best  (** Bertha")  rapidly  gained  an  international  reputation  for 
its  purity  and  uniformity.  The  furnaces  at  this  plant  were  of 
the  Belgian  type,  but  of  English  form.  That  is,  they  were  higher 
than  usual  and  had  only  one  retort  to  a  recess,  instead  of  two,  as 
is  the  general  custom.  All  of  the  furnaces  were  in  one  building 
and  were  placed  with  their  longer  axes  parallel  to  each  other  and 
at  right  angles  to  the  longer  axis  of  the  building.  The  workmen 
were  thus  placed  between  two  furnaces,  a  very  hot  and  inconven- 
ient arrangement.  The  practice  at  this  works  was  extremely 
good,  and  the  fuel  consumption  remarkably  low  for  direct-fired 
furnaces.  This  latter  was  due  to  two  causes — ^the  excellent  quality 
of  the  Pocahontas  coal,  and  the  water  grates  used.  The  latter 
were  the  invention  of  Mr.  J.  D.  James,  the  foreman  in  charge. 
The  consumption  of  coal  per  ton  of  ore  was  as  low  as  1.6  to  1.8 
tons.    The  plant  was  finally  abandoned  in  January,  1911. 

The  plant  of  the  Wythe  Lead  and  Zinc  Company,  at  Austin- 
ville,  contained  only  one  block  of  two  direct-fired  furnaces  of  140 
retorts  each,  placed  in  7  rows  of  20  retorts.  The  3  upper  rows 
were  7^^'  in  diameter  and  47^'  long ;  the  lower  rows  were  ellipti- 
cal, 7%"  wide,  10''  high  and  45''  long.  Work  was  started  in  May, 
1888.  The  ore  was  a  low  grade  silicate  from  the  company's  own 
mine.  The  plant  was  operated  until  August,  1898,  when  the 
Wythe  Company  sold  its  entire  output  of  ore  to  the  Bertha  Com- 
pany at  Pulaski,  and  stopped  smelting.  During  the  time  it  was 
in  operation,  it  produced  an  average  of  400  tons  a  year. 
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MISSISSIPPI  VALLEY. 

Smelting  started  in  the  Mississippi  Valley  at  practically  the 
same  time  as  in  the  East,  and  for  many  years  it  was  the  largest 
zinc-producing  district  in  the  country.  The  present  indications 
are  that  it  will  soon  resume  this  position  and  probably  hold  it  for 
many  years  to  oome.  The  first  works  was  built  by  Messrs.  Mat- 
thiessen  and  ITegeler,  and  to  these  two — especially  to  Mr.  Hegeler 
— zinc  metallurgy  in  America  probably  owes  more  than  to  any  one 
else.  In  1879,  they  patented  their  spelter  furnace,  which  they 
have  used  successfully  ever  since,  and  which  is  now  used  with 
satisfaction  by  many  of  the  latest  plants,  and  was  the  model  from 
which  the  natural-gas  furnaces  were  designed.  These  furnaces 
are  very  simple,  consisting  merely  of  a  long  chamber  holding  the 
retorts.  The  gas  is  all  admitted  at  one  end,  and  the  air  is  grad- 
ually admitted  through  ports  equally  spaced  lengthwise  of  the 
furnace.  It  is  low  in  first  cost,  economical  in  labor,  and  does 
excellent  work,  but  is  very  extravagant  in  fuel.  For  Messrs. 
Matthiessen  and  Hegeler 's  purpose,  the  latter  was  not  an  objec- 
tion, as  their  works  are  located  directly  over  their  own  coal  mines, 
and  the  mine  ears  are  dumped  directly  into  the  producers.  The 
waste  heat  from  the  furnaces  is  completely  utilized  in  making 
steam,  all  that  can  be  produced  being  used  for  the  spelter  plant, 
coal  mine  or  rolling  mill. 

Possibly  the  most  valuable  of  Mr.  Hegeler 's  inventions  was 
his  roasting  furnace,  patented  August  12,  1884,  and  now  used, 
with  slight  modifications,  by  every  smelter  in  this  country  that 
makes  acid.  These  furnaces  are  7  hearths  high  and  built  in  pairs. 
The  ore  is  moved  by  rakes,  which  are  drawn  through  by  rods 
pushed  in  from  the  opposite  end.  The  rakes  are  pulled  through 
the  hearths  of  one  furnace  and  delivered  on  turn-tables  at  the 
opposite  end.  When  a  round  is  completed  the  turn-tables  are 
reversed  and  the  same  rakes  drawn  through  the  hearths  of  the 
other  furnace,  the  ore  traveling  in  opposite  directions  at  the  same 
level  in  the  two.  The  furnaces  are  usually  80  ft.  long  and  the 
hearths  6  ft.  wide.  A  pair  of  furnaces  roasts  from  40  to  50  tons 
per  day. 

In  addition  to  the  spelter  and  roasting  furnaces  which  are 
so  generally  used,  Mr.  Hegeler,  either  alone  or  in  conjunction 
with  his  partner,  Mr.  Matthiessen,  patented  or  introduced  many 
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minor  improvements  in  zinc  smelting  which  have  since  been  very 
generally  adopted.  In  1873,  they  patented  their  first  roasting 
furnace,  which,  although  they  did  not  continue  to  use  it,  has  since 
been  very  successful  at  Ponte  di  Nossa,  Bergamo,  Italy,  under  the 
name  of  the  Cermak-Spirek  furnace.  Mr.  Hegeler  was  the  first 
to  mix  charges  mechanically,  and  also  made  the  first  cars  for 
charging,  cleaning,  and  metal  drawing.  His  works  showed  many 
evidences  of  his  thought  and  care  for  the  safety  and  convenience 
of  his  workmen  many  years  before  the  ** Safety  First"  movement 
was  thought  of.  Mr.  Hegeler  patented  a  gas  producer  that  is 
largely  used,  and  several  modifications  and  improvements  in  his 
spelter  furnace.  His  sons,  Herman  and  Julius  W.,  have  also 
taken  out  several  patents  for  improvements  in  both  spelter  and 
roasting  furnaces. 

The  Illinois  Zinc  Company,  at  Peru,  started  with  direct-fired 
Belgian  furnaces,  but  later  built  a  Siemens  furnace,  with  which 
they  did  not  have  great  success.  The  superintendent  of  the 
works,  Mr.  C.  F.  Neureuther,  however,  patented  a  modification  of 
it*  (No.  666390,  January  22,  1901),  having  two  or  three  rows  of 
ports.  With  these  furnaces,  the  Illinois  Zinc  Company  have  been 
very  successful,  and  have  replaced  all  of  their  direct-fired  furnaces 
with  them.  This  plant  uses  the  Matthiessen  &  Hegeler  roasting 
furnaces  and  has  a  chamber  acid  plant  and  a  rolling  mill. 

The  other  earlier  works  in  this  region  were  all  small  and 
equipped  with  the  usual  direct-fired  Belgian  furnaces. 

The  first  of  the  newer  works  in  the  Mississippi  Valley  was 
the  Nassau  plant  of  the  Mineral  Point  Zinc  Company,  at  Depue, 
111.  At  the  start,  it  consisted  of  three  Siemens  furnaces  of  the 
Neureuther  type,  containing  800  retorts  each,  Hegeler  roasting 
furnaces  and  a  Schroeder  contact  acid  plant.  Later  a  Matthies- 
sen &  Hegeler  spelter  furnace  was  tried  but  abandoned  on  ac- 
count of  its  high  coal  consumption.  This  plant  has  been  enlarged 
several  times  and  now  contains  12  furnaces,  with  a  total  of  9080 
retorts  and  proportionate  roasting  and  acid  capacity. 

The  American  Zinc,  Lead  &  Smelting  Company's  plant,  at 
Hillsboro,  111.,  has  five  blocks  of  two  furnaces  each,  of  the  Hegeler 
type,  with  a  total  of  4000  retorts.  Waste-heat  boilers  of  suflScient 
capacity  to  supply  all  the  steam  required  by  the  works,  are  con- 

*  This  patent  was  later  declared  invalid  by  the  courts. 
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nected  to  the  furnaces.  The  ore  is  roasted  in  two  Hegeler  fur- 
naces with  hearths  70  ft.  long  and  6  ft.  wide.  There  is  a  chamber 
acid  plant  using  all  of  the  gas  made  by  the  roasting  furnaces.  At 
this  plant  arrangements  have  been  made  for  storing  the  coal  sup- 
ply under  water.  This  prevents  the  rapid  deterioration  which 
takes  place  when  the  Illinois  coals  are  kept  in  piles  in  the  open  air. 
Nearly  all  of  the  ore  is  concentrates  from  the  company's  own 
mines,  much  of  which  arrives  at  the  works  wet,  and  frequently 
frozen.  Excellent  arrangements  have  been  made  for  thawing 
such  ore  by  placing  the  cars  in  the  ore  house  over  concrete  tun- 
nels heated  by  the  waste  gases  from  the  roasting  furnaces. 

The  Rose  Lake  smelter  of  the  Oranby  Mining  and  Smelting 
Company,  just  outside  of  East  St.  Louis,  111.,  is  one  of  the  latest 
and  best  arranged  plants  in  this  region.  It  has  four  Siemens 
furnaces  with  810  retorts  each,  supplied  by  two  batteries  of 
Hughes  producers.  The  plant  has  two  Hegeler  roasting  furnaces 
and  two  well-equipped  chamber  plants  arranged  so  that  they  can 
be  worked  separately  or  in  series.  The  roasting  furnaces  are  sup- 
plied with  gas  by  a  single  10-ft.  Chapman  producer.  The  plan 
of  the  works  provides  for  extensions  of  all  departments  without 
interfering  with  the  present  excellent  arrangement. 

The  works  of  the  National  Zinc  Company,  at  Springfield,  111., 
was  built  by  the  United  Zinc  and  Chemical  Company.  It  contains 
Hegeler  furnaces  and  treats  ore  roasted  at  the  Argentine  plant  of 
the  same  Company. 

The  works  of  Hegeler  Bros.,  at  Danville,  111.,  is  equipped 
with  Hegeler  spelter  furnaces,  roasting  furnaces  and  a  chamber 
acid  plant. 

.  All  of  the  later  works  in  the  Mississippi  Valley  are  well-con- 
structed permanent  plants.  The  buildings  are  mainly  of  steel  and 
concrete,  and  in  nearly  all  cases  the  furnaces  are  elevated,  keep- 
ing the  regenerators  (when  used)  above  ground.  All  refuse  is 
discharged  into  hoppers  under  the  working  floor  and  removed  by 
cars.  Most  of  the  potteries  are  equipped  with  hydraulic  presses, 
and  many  have  separate  small  dry  rooms  with  adequate  arrange- 
ments for  heating  and  ventilation. 

The  tendency  in  the  West  has  been  to  build  very  large  fur- 
naces, the  advantages  claimed  being  lower  first  cost  and  less  pro- 
ducer labor.    It  is  doubtful  whether  these  offset  the  greater  diflS- 
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culty  in  controlling  the  distribution  of  heat  and  the  loss  occas- 
ioned when  such  large  units  go  wrong.  In  working  a  variety 
of  ores,  small  furnaces  are  more  economical,  as  the  necessary 
experiments  to  determine  proper  conditions  can  be  made  on  a 
smaller  and  less  expensive  scale.  In  the  East,  small  furnaces 
have  always  been  the  rule.  The  Convers-DeSaulles  type  are 
necessarily  quite  small,  and  where  Siemens  furnaces  are  used  in 
the  same  plants,  it  has  been  found  advisable  to  build  them  all 
the  same  size. 

MISSOUEI-KANSAS  COAL  FIELD. 

There  were  formerly  a  number  of  works  in  Southwestern 
Missouri  and  Eastern  Kansas.  Nearly  all  were  similar  in  style, 
having  direct-fired  Belgian  furnaces  built  in  blocks  of  two,  each 
block  being  in  a  separate  building.  Each  furnace  building,  with 
its  two  furnaces,  was  placed  on  an  artificial  mound,  leaving  very 
deep  ash  pits  open  at  both  ends.  The  grate  bars  were  7  or  8  ft. 
above  the  ground  level,  and  the  fires  were  cleaned  by  a  man 
standing  on  the  ground  below.  There  were  usually  only  two 
grate  bars  made  of  a  long  *'U''  of  1''  pipe,  the  ends  of  which  were 
connected  respectively  to  the  top  and  bottom  of  a  water  barrel 
standing  on  the  furnace  floor,  about  3  ft.  above.  This  provided  a 
circulation  of  water  that  kept  the  bars  cool  enough  to  give  them 
a  very  long  life.  Shortly  before  the  works  in  this  district  were 
abandoned,  some  of  the  plants  tried  the  experiment  of  heating 
two  furnaces  by  one  fire.  The  deep  grate  acted  as  a  gas  pro- 
ducer, and  the  side  of  the  furnace  directly  over  it  was  heated 
largely  by  radiation.  The  gases  passed  over  the  center  wall,  at 
the  top  of  which  additional  air  was  admitted  which  burned  the 
gas  in  its  passage  do^\Ti  the  opposite  furnace.  The  plants  using 
these  furnaces  reported  a  considerable  saving  of  coal  by  their 
use,  the  decrease  varying  from  25  to  35%.  There  was,  how- 
ever, considerable  difference  of  opinion  regarding  the  recovery 
of  metal,  some  works  saying  it  was  not  affected,  while  others 
claimed  that  it  was  reduced  enough  to  offset  the  saving  in  coal 
and  labor.    Their  use  never  became  general. 

Both  the  Granby  IMining  and  Smelting  Company,  at  Pitts- 
burg, Kans.>  and  the  Rich  Hill  Alining  and  Smelting  Company, 
at  Rich  Hill,  AIo.,  tried  Siemens  furnaces  in  1882,  but  neither  of 
them  found  them  satisfactory,  and  they  were  abandoned. 
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All  of  these  works  used  high  grade  Joplin  blende,  roasted 
mainly  in  two-  or  three-hearth  reverberatory  furnaces.  The 
Pearee- Turret  Furnace  and  the  Holthoflf-Wethey  Furnace  were 
tried  and  gave  fair  results  in  Joplin.  No  use  was  ever  made  of 
the  gas. 

Most  of  the  smelting  in  this  district  was  done  by  small  con- 
cerns with  inadequate  working  capital,  and  much  of  the  work 
was  of  a  very  happy-go-lucky  character.  It  was  not  unusual 
for  a  company  to  buy  ore  on  Monday,  smelt  it,  and  sell  the 
product  sight  draft  on  bill  of  lading,  to  get  the  money  to  pay 
for  the  ore  on  Saturday  night.  In  the  old  days  in  Joplin,  it 
was  customary  for  everyone  to  settle  all  debts  on  Saturday 
night,  and  the  banks  kept  open  until  ten  o'clock  to  facilitate 
payments.  All  work  stopped,  and  everyone  lined  up  on  the 
main  street  to  watch  fights,  which  were  fairly  numerous.  If  a 
man  could  not  pay  up  on  Saturday,  it  was  advisable  in  the  inter- 
ests of  his  own  longevity  that  he  should  leave  town  at  once  and 
stay  away. 

This  district  reached  its  maximum  production  in  1898  and 
declined  very  rapidly  in  the  next  few  years,  owing  to  the  compe- 
tition of  the  natural  gas  field.  Since  1902,  practically  no  spelter 
has  been  made  in  what  had  been  the  principal  producing  district 
from  1888  to  1898. 

KANSAS-OKLAHOMA   GAS  FIELDS. 

All  of  the  plants  in  the  natural-gas  field  smelt  both  oxidized 
ores  and  blendes.  The  former  are  not  calcined,  as  they  vary 
constantly  in  the  relative  proportion  of  carbonate  and  silicate 
to  such  an  extent  that  it  has  not  been  found  profitable  to  do  so. 
The  sulphides  are,  of  course,  roasted,  but  only  one  works  in  this 
district  ever  utilized  the  gas.  The  United  Zinc  and  Chemical 
Company,  at  lola,  had  a  chamber  plant  and  made  acid  as  long 
as  the  plant  was  in  operation.  They  also  had  an  acid  plant  at 
Argentine,  Kans.,  where  they  roasted  part  of  their  ore.  At  both 
plants,  they  used  the  Hegeler  furnaces.  Several  of  the  works 
used  three-hearth  reverberatories,  built  either  8  or  16  in  a  block, 
in  which  they  roasted  more  ore  per  man  and  less  per  square 
foot  of  hearth  than  in  any  hand-furnace  worked.  The  practice 
was  peculiar.     A  charge  was  spread  on  the  upper  hearth  and 
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left  there  for  12  hours,  with  very  little  raking.  It  was  then 
split  and  spread  on  the  two  lower  hearths  and  kept  for  another 
12  hours.  The  layer  of  ore  was  very  thin  and  a  minimum  of 
labor  gave  it  the  necessary  amount  of  turning  over  to  effect  the 
roasting  in  a  reasonable  time.  These  furnaces  were  very  lightly 
built  and  their  cost  was  trifling.  The  small  output  per  furnace 
was,  therefore,  not  a  serious  detriment. 

The  Lanyon  Company  used  Ropp  furnaces  until  prevented 
from  so  doing  by  a  court  order  in  an  infringement  suit  brought 
by  the  owners  of  the  Brown  patent.  They  then  changed  to  the 
Cappeau  furnace  (patented  1902),  which  is  similar  to  the  Ropp 
in  operating  mechanism,  but  is  supported  on  a  steel  framework 
instead  of  masonry.  The  Edgar  Zinc  Company,  at  Cherryvale, 
have  always  used  the  Brown  Horseshoe  furnace.  Most  of  the 
works  now  in  operation  use  either  the  Cappeau  or  Zellweger^ 
both  of  which  do  good  roasting  and  are  economical  in  labor,  but 
are  very  extravagant  in  fuel.  It  is  claimed  that  recent  improve- 
ments in  the  Zellweger  have  greatly  helped  in  this  respect.  The 
Prime  Western  Spelter  Company  at  one  time  had  some  Greena- 
walt  furnaces,  but  they  are  no  longer  operated. 

All  of  the  works  in  the  Kansas-Oklahoma  district  use 
furnaces  that  are  a  modification  of  the  Hegeler.  They  are  built 
in  blocks  of  two,  back  to  back,  and  both  gas  and  air  are  ad- 
mitted at  alternate  buckstaves  for  the  greater  part  of  the  length 
of  the  furnace.  This  arrangement  was  patented  by  R.  J.  &  W. 
Lanyon,  December  27,  1898,  and  by  W.  &  J.  Lanyon,  March  21, 
1899.  The  gas  travels  lengthwise  of  the  furnace,  and  none  is 
admitted  to  the  quarter  nearest  to  the  stack.  The  furnaces  are 
usually  large,  containing  300  to  400  retorts  each.  A  few  of  the 
works  have  what  are  called  **  half-blocks '  *,  that  is,  furnaces  of 
half  the  above  length.  The  Tulsa  Fuel  and  Manufacturing  Com- 
pany, at  CoUinsville,  Okla.,  tried  some  furnaces  patented  by  Mr. 
C.  A.  II.  De  Saulles,  October  22,  1912,  in  which  the  ore  and  gas- 
enter  under  the  retorts  and  pass  out  through  a  hollow  back- 
wall.  The  retorts  in  these  furnaces  face  both  ways  and  there 
is  but  one  furnace  to  a  block.  The  air  and  gas  for  each  port 
could  be  regulated  separately  from  outside  the  furnace.  So  far 
they  have  not  shown  sufficient  advantage  to  lead  to  their  general 
adoption.     The  United  Zinc  and  Chemical  Company,  at  lola^ 
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experimented  with  a  regenerative  gas  furnace,  but  the  results 
were  not  encouraging  and  it  was  abandoned.  Since  the  gas  has 
become  scarce,  some  of  the  Kansas  plants  have  experimented 
with  the  use  of  oil  as  fuel.  They  have  succeeded  in  developing 
an  arrangement  of  burners  that  would  work,  but  the  price  of 
oil  has  been  too  high  to  permit  of  its  general  use. 

At  the  start,  the  gas  plants  smelted  Joplin  ore  almost  ex- 
clusively, but  the  rapid  increase  in  the  demand  soon  raised  the 
price  to  a  prohibitive  point  and  smelters  turned  to  other  sources. 

The  first  ores  tried  were  the  comparatively  lean  ferrugin- 
ous blendes  of  Colorado,  and  much  trouble  was  experienced  in 
working  them.  Benjamin  Sadtler,  of  Denver,  Colo.,  patented 
a  retort  with  a  basic  lining,  in  February,  1900,  which  was  at 
first  reported  to  greatly  improve  the  work  with  these  ores.  It, 
however,  soon  became  known  that  successful  working  depended 
mainly  on  proper  temperature  regulation,  and  the  low  grade 
ferruginous  blendes  were  soon  treated  successfully  by  all  the 
smelters  with  their  ordinary  equipment.  A  little  later,  carbon- 
ates and  silicates  from  Mexico  were  used  in  considerable  quan- 
tities, until  a  change  in  the  tariff,  imposing  a  prohibitive  duty, 
prevented  their  importation.  Since  the  last  revision  of  the  tariff, 
which  reduced  the  duty,  very  little  has  been  imported  owing  to 
the  disturbed  political  conditions  in  Mexico.  For  the  past  few 
years,  large  amounts  of  carbonates  and  silicates  from  New 
Mexico,  Arizona  and  Colorado,  have  been  used — ^partly  on 
account  of  their  relatively  low  price,  and  partly  to  save  gas,  as 
they  do  not  require  roasting.  Quite  recently,  blende  from  Butte, 
concentrated  by  flotation,  has  been  used  by  some  of  the  works. 
Its  extreme  fineness  is  reported  to  have  caused  considerable 
trouble. 

COLORADO. 

Colorado  was  the  first  of  the  Western  States  to  produce 
spelter,  the  United  States  Zinc  Company  starting  its  works  in 
Pueblo,  June  9,  1903.  The  plant  originally  had  three  Overpelt 
furnaces  and  these  have  since  been  increased  to  seven,  with  a 
total  of  1704  muffles. 

The .  Overpelt  furnaces  are  provided  with  alternating  re- 
generators and  have  but  three  rows  of  large  muffles.  The 
original  furnaces  at  Pueblo  followed  the  European  practice  of 
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using  large  condensers  fixed  in  place  in  the  upper  part  of  the 
retorts.  The  charge  was  introduced  through  the  condenser  and 
the  residues  were  removed  through  an  opening  under  it.  This 
practice  has  been  abandoned  and  small  condensers  are  now  used, 
which  are  taken  down  for  charging  and  cleaning,  as  is  usual  at 
the  other  American  works.  One  of  the  principal  improvements 
made  at  these  furnaces  was  the  introduction  of  ladle  cars  for 
drawing  metal  instead  of  the  hand  ladles  formerly  used. 

The  ores  are  mainly  silver-bearing  sulfides,  which  are 
roasted  in  a  Hegeler  furnace.  They  are  usually  low  in  zinc  and 
the  lead  and  silver  are  really  the  main  products. 

PITTSBURGH  DISTRICT. 

The  first  plant  in  this  district  was  that  of  the  Grasselli 
Chemical  Company,  at  Clarksburg,  W.  Va.,  built  in  1904.  This 
plant  has  Lanyon-Hegeler  furnaces  similar  to  those  used  in 
Kansas  and  Oklahoma.  All  of  the  ore  for  this  plant  is  roasted, 
and  the  gases  utilized,  at  the  varioas  acid  plants  of  the  Company 
at  points  in  Ohio  and  Pennsylvania.  This  plant  has  been  added 
to  until  it  has  reached  the  maximum  possible  at  this  location, 
and  the  company  has  since  built  a  second  similar  plant,  at 
Meadowbrook,  W.  Va. 

The  Clarksburg  Zinc  Company,  also,  has  a  plant  at  Clarks- 
burg, but  does  not  treat  ore,  all  of  its  spelter  being  made  from 
galvanizers'  residues.  The  furnaces  are  of  the  usual  natural-gas 
type. 

The  new  plant  of  the  American  Zinc  &  Chemical  Company, 
at  Langeloth,  Pa.,  about  30  miles  from  Pittsburgh,  has  been 
making  acid  for  some  months  and  will  probably  be  producing 
spelter  before  this  is  in  print.  At  present,  the  plant  consists  of 
four  Ilegeler  furnaces,  each  containing  864  8-inch  retorts.  There 
is  a  single  furnace  to  the  block,  with  a  center  wall  and  six  hori- 
zontal rows  of  retorts  on  each  side.  Each  furnace  is  in  a  build- 
ing by  itself  and  has  its  o>\'n  Hegeler  producer.  The  ore  is 
roasted  in  Hegeler  furnaces,  the  gases  being  utilized  in  a 
chamber  plant.  The  company  owns  its  own  coal  mine  and  the 
plant  is  located  directly  over  it.  The  intention  is  to  sell  the 
lump  coal  and  use  the  slack  for  fuel.  All  of  the  waste  heat  of 
the  furnaces  will  be  utilized  for  making  steam  for  power,  with 
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the  expectation  of  selling  what  is  not  required  for  the  operation 
of  the  plant.  The  plan  of  the  works  allows  of  increasing  the 
size  four-fold  without  departing  from  the  present  excellent 
arrangement. 

The  Prime  Western  Spelter  Company  has  built  an  acid 
plant  at  Tiltonville,  Ohio,  about  40  miles  southwest  of  Pitts- 
burgh and  8  miles  north  of  Wheeling,  W.  Va.  At  this  plant, 
they  are  roasting  blende  in  Hegeler  furnaces  and  making  acid 
by  the  Schroeder  contact  process.  The  roasted  ore  is  shipped 
to  other  points  to  be  smelted. 

ROLLING  MILLS. 

The  first  zinc  rolling  mill  in  this  country  was  built  by 
Messrs.  Matthiessen  and  Hegeler,  at  La  Salle,  111.,  in  1868,  and  has 
been  in  operation  ever  since.  It  has  been  repeatedly  re-designed 
and  rebuilt  and  has  always  been  maintained  in  a  highly  efficient 
condition. 

The  Illinois  Zinc  Company  built  its  mill  in  1882,  and  has 
always  been  a  close  competitor  of  Matthiessen  &  Hegeler.  Its 
mill  has  also  been  changed  a  number  of  times  to  keep  pace  with 
improvements. 

The  Lanyon  Zinc  Company  built  a  rolling  mill  at  L:  Harpe, 
Kans.,  in  1902.  It  was  radically  different  from  any  other  zinc 
mill  in  the  world,  having  been  designed  on  the  lines  of  the  Pitts- 
burgh Tin  Plate  Mills,  and  did  not  prove  to  be  a  success.  It  was 
abandoned  some  years  since.  Later,  a  small  mill  was  built  at 
La  Harpe,  to  roll  narrow  strips  of  zinc  for  the  manufacture  of 
fruit  jar  covers.  It  was  finally  taken  over  by  the  principal  cus- 
tomers. Ball  Brothers,  and  moved  to  Muncie,  Ind.,  where  it  is 
still  in  operation.  Most  of  the  brass  companies  occasionally 
roll  some  zinc,  but  none  of  them  do  so  regularly. 

The  Lehigh  Zinc  Company  built  a  rolling  mill  at  Bethle- 
hem, in  1865,  and  operated  it  until  1877  or  1878.  About  this 
time  the  works  changed  ownership  and  rolling  was  never  re- 
sumed. The  Passaic  Zinc  Company  built  a  small  mill  at  its 
Jersey  City  plant,  but  did  not  operate  it  for  any  length  of  time. 

John  Davol  &  Son  operated  a  small  zinc  rolling  mill  in 
Brooklyn  for  several  years.  They  made  a  specialty  of  etchers' 
plates  and  their  product  was  of  the  highest  quality.     Their 
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practice  was  peculiar  in  some  important  respects.  The  slabs  were 
cast  in  closed  moulds  and  were  shorter,  wider  and  thicker  than 
usual.  They  were  roughed  in  the  ordinary  manner  and  then 
planed  on  both  sides  by  a  special  machine  having  a  knife  wider 
than  the  slab,  so  as  to  take  a  thin  slice  off  the  entire  surface  with 
a  single  cut.  The  planed  slabs  were  then  finished,  polished  and 
cut  to  size.  In  1897-98,  German  plates  of  inferior  quality,  but 
much  lower  price,  appeared  on  this  market  and  soon  drove  out 
Davol's  product;  the  newspapers,  who  were  the  principal  users, 
being  willing  to  accept  the  lower  quality  in  consideration  of  the 
lower  price.  Davol  was  not  willing  to  meet  competition  on  these 
terms  and  shortly  afterwards  retired  from  business. 

OXIDE  OF  ZINC. 

An  entirely  new  process  of  making  oxide  of  zinc  direct  from 
the  ore  was  invented  in  this  country  in  the  early  '50s,  and  three 
patents  were  taken  out  in  1855,  by  Jones,  Burrows  and  Weth- 
erill,  on  almost  identical  lines.  Jones  was  an  officer  of  the  New 
Jersey  Zinc  Company ;  Wetherill  was  the  Superintendent  of  the 
Paint  Grinding  Department  of  the  same  Company ;  and  Burrows 
was  a  workman  employed  by  the  Passaic  Chemical  Company, 
whose  works  adjoined  those  of  the  New  Jersey  Zinc  Company, 
and  some  of  whose  furnaces  were  on  its  property. 

At  that  time  the  New  Jersey  Zinc  Company  had  recently 
started  the  manufacture  of  oxide  of  zinc,  using  reverberatory 
furnaces  and  muffles,  neither  of  which  was  very  satisfactory. 
Burrows  states  that  one  night  the  flue  from  one  of  the  furnaces 
that  he  was  attending  leaked,  and  he  covered  the  hole  with  a 
piece  of  grate  bar,  throwing  a  shovelful  of  refuse  on  it.  The 
refuse  proved  to  be  a  mixture  of  coal  and  zinc  ore,  and  the  heat 
of  the  flue  being  sufficient  to  light  it,  Burrows  soon  noticed  a 
cloud  of  zinc  oxide  coming  off.  He  built  a  small  furnace  and 
repeated  the  experiment,  and  when  he  found  that  it  worked 
again,  showed  it  to  the  oflScers  of  the  New  Jersey  Zinc  Coiq- 
pany,  among  whom  were  Wetherill  and  Jones.  The  grate  bars 
used  were  what  are  now  usually  called  "Wetherill  grates",  but 
were  in  common  use  for  boiler  firing  at  that  time  in  the  vicinity 
of  Newark,  where  they  were  made  by  Renton,  who  had  a  ma- 
chine-shop and  foundry.     Col.  Wetherill  frequently  stated  that 
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he  had  nothing  to  do  with  the  invention  of  these  grates,  but  his 
name  has  been  persistently  attached  to  them. 

Col.  Wetherill  proposed  to  Burrows  that  they  work  up  the 
invention  together,  as  Burrows  had  not  the  money  to  do  so  alone, 
but  the  proposition  was  declined,  and  each  went  ahead  on  his 
own  account.  The  result  was  that  three  people  applied  for  and 
obtained  patents  for  substantially  the  same  thing  in  the  same 
year.  Wetherill  also  took  out  patents  for  improvements  in  1855- 
6-7-9  and  two  in  1868.  The  New  Jersey  Zinc  Company  acquired 
the  patents  of  Jones  and  Burrows,  but  could  not  agree  on  terms 
with  Wetherill.  The  latter  shortly  afterwards  sold  a  license  to 
use  his  process  to  the  Passaic  Zinc  Company.  Both  the  New 
Jersey  and  the  Passaic  Companies  put  the  process  in  operation, 
as  it  proved  to  be  a  great  improvement  on  those  previously  used. 
Everything  went  quietly  until  the  Wetherill  patent  had  nearly 
expired,  when  he  brought  suit  against  the  New  Jersey  Zinc  Com- 
pany for  infringement  and  accumulated  profits.  The  suit  that 
followed  was  long  and  hotly  fought  on  both  sides.  The  final 
decision  of  the  court  was  that  the  furnace  was  Burrows'  inven- 
tion and  the  process  WetheriU's  and  that  half  the  profits  were 
due  to  each.  As  the  Zinc  Company  owned  the  Burrows'  patent, 
it  was  obliged  to  pay  half  the  increased  profit  due  to  the  use  of 
the  invention,  to  Wetherill.  The  decision  seems  a  very  fair  one, 
as  while  the  original  idea  appears  to  have  been  Burrows',  he  had 
not  sufiicient  knowledge  or  skill  to  develop  it  and  make  a  work- 
ing process  of  it.  The  latter  was  done  by  Wetherill,  who  gave 
much  time  and  work  to  the  perfection  of  the  detail  and  prac- 
tice of  the  operation,  and  certainly  deserved  the  credit  of  making 
it  the  success  it  has  been.  At  the  present  time,  every  works  in 
this  country,  but  one,  uses  the  Wetherill  process.  The  much  lower 
cost  by  it  and  the  possibility  it  gave  of  profitably  working  low 
grade  ores  have  been  the  main  causes  of  the  tremendous  increase 
in  the  oxide  business  of  this  country,  which  now  produces  con- 
siderably more  than  half  of  the  world's  supply. 

The  method  of  collecting  oxide  in  bags  was  invented  by  S. 
T.  Jones,  of  New  York,  in  1852,  and  is  now  universally  used,  not 
only  by  all  of  the  oxide  plants  in  this  country,  but  by  many  other 
smelters.  Numerous  patents  have  since  been  taken  out  for  varia- 
tions of  this  process. 
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The  practice  of  oxide-making  has  improved  greatly  in  re- 
cent years.  Much  larger  furnaces  are  used,  more  material  is 
treated  per  square  foot  of  grate,  better  recoveries  are  obtained, 
and  the  quality  of  the  product  is  under  closer  control.  These 
improvements  are  due  to  a  better  understanding  of  the  chem- 
istry of  the  process,  better  mechanical  arrangements,  and  closer 
supervision.  There  have  been  no  radical  changes  since  Col. 
Wetheriirs  day,  but  he  would  hardly  recognize  the  later  plants, 
as  the  changes  in  almost  all  details  have  completely  altered  the 
general  appearance.  It  is  difficult  to  give  credit  for  these  im- 
provements, as  almost  everyone  who  has  been  closely  connected 
with  the  manufacture  has  done  something,  and  while  the  total 
result  of  the  changes  is  large,  it  is  impossible  to  say  how  much 
of  it  is  due  to  any  particular  one. 

The  Florence  plant  of  the  New  Jersey  Zinc  Company  (of 
Pa.),  is  the  only  one  that  uses  the  French  process  of  distilling 
and  burning  metallic  zinc.  The  same  company  has  two  plants 
at  Palmerton,  Pa.,  which  are  by  far  the  largest  in  the  world. 
The  older,  or  West  Plant,  contains  34  blocks  of  oxide  furnaces, 
and  the  new,  or  East  Plant,  20  blocks.  Each  block  is  an  inde- 
pendent unit,  with  its  own  blower,  exhaust  fan,  and  bag  room. 
These  plants  treat  only  the  ores  from  Franklin  furnace,  and 
make  an  oxide  containing  only  a  small  fraction  of  one  per  cent 
of  lead.    It  is  used  mainly  for  paint  and  rubber  goods. 

The  works  of  the  ]Mineral  Point  Zinc  Company,  at  Mineral 
Point,  Wisconsin,  treat  the  local  ores  and  those  from  other  West- 
ern States.  As  these  ores  always  contain  lead,  the  resulting 
oxide  contains  from  3  to  20%  of  lead  sulfate.  It  is  used  almost 
entirely  for  paint.  The  works  was  completely  rebuilt  in  1911 
and  now  contains  four  independent  units. 

The  plant  of  the  Ozark  Zinc  Company,  at  Coffeyville,  Kans., 
was  built  to  treat  the  oxidized  ores  of  New  Mexico,  but  of  late 
years  has  used  more  of  the  low  grade  sulfides  of  Colorado. 
The  oxide  is  of  the  same  character  as  that  made  at  Mineral 
Point. 

The  small  oxide  plant  of  the  Bertha  Mineral  Company,  at 
Austinville,  Va.,  was  built  on  the  same  lines  as  the  others,  to 
treat  the  local  ores,  making  an  oxide  containing  from  20  to  30% 
of  lead  sulfate.    This  plant  has  hardly  passed  the  experimental 
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stage,  but  it  is  making  a  good  product  and  is  likely  to  be  of  more 
importance. 

For  many  years  the  demand  was  entirely  for  an  oxide  as 
free  from  lead  as  possible,  and  the  rubber  trade  still  requires  an 
oxide  of  this  character.  Of  late,  the  paint  grinders  have  found 
that  a  mixture  of  pigments  gives  a  better  paint  than  any  single 
one,  and  the  demand  for  leaded  oxides  is  increasing,  as  the 
presence  of  lead  sulfate  gives  greater  body  and  presents  certain 
advantages  in  grinding  qualities.  At  the  same  time,  the  lead 
being  present  as  an  insoluble  sulfate,  is  not  as  poisonous  as  the 
basic  carbonate,  and  not  liable,  like  it,  to  be  discolored  by  at- 
mospheric agencies.  The  production  of  an  oxide  of  good  color 
from  leaded  ores,  is,  however,  very  much  more  diflScult  than  when 
the  ores  are  free  from  lead,  and  as  color  is  a  most  essential  qual- 
ity, this  has  caused  the  failure  of  several  attempts  to  make  a 
pigment  oxide  from  lead-bearing  ores. 

A  number  of  wet  processes  have  been  proposed  for  the  manu- 
facture of  pigment  oxides,  but  none  have  succeeded,  as  aside 
from  the  high  cost,  none  have  made  an  oxide  having  the  necessary 
physical  qualities. 

ORE  CONCENTRATION. 

The  greater  part  of  the  zinc  ore  produced  in  this  country  is 
concentrated  by  the  usual  wet  methods,  with  jigs  and  tables.  The 
Joplin  district  has  developed  a  practice  of  its  own,  in  which  the 
unsized  ore  is  first  treated  in  roughing  jigs,  making  tailings 
clean  enough  to  be  thrown  away.  The  Hutch  products  are  re- 
treated on  finishing  jigs,  making  a  very  clean  concentrate,  and 
the  tailings  are  cleaned  up  on  tables.  Of  late  years,  some  of  the 
larger  mills  have  added  tables  to  their  equipment  to  save  part 
of  the  fine  ore  formerly  lost.  The  work  of  this  district  has  im- 
proved greatly  in  recent  years,  but  owing  to  the  low  grade  of 
the  ore  mined  (3  to  5^^  blende),  the  losses  are  necessarily 
large.  The  average  zinc  recovery  is  GO^c  ;  lead  recovery,  85 
to  90%. 

Up  to  about  fifteen  years  ago,  all  of  the  ore  in  Wisconsin 
was  prepared  by  cobbing,  or  hand-jigging.  At  present  it  is 
treated  at  the  mines,  much  as  in  Joplin.  Sometimes  the  product 
from  the  jigs  is  rich  enough  to  ship,  but  in  many  cases  it  con- 
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tains  too  much  pyrites,  and  is  then  treated  on  magnetic  separa- 
tors after  a  partial  roast.  The  greater  part  of  the  iron  can  be 
removed  in  this  way,  giving  a  very  high-grade  product.  A 
Custom  Plant  using  the  Huff  electrostatic  process  was  formerly 
operated  at  Plattville,  Wis.,  but  burned  down,  October  21,  1911, 
and  has  not  been  rebuilt. 

Shortly  after  the  mines  at  Franklin  and  Sterling  Hill,  N. 
J.,  were  opened,  attempts  were  made  to  separate  the  different 
minerals,  but  they  were  not  continued,  as  the  operating  com- 
panies found  the  unseparated  ore  was  suitable  for  the  manu- 
facture of  zinc  oxide. 

About  1890,  Messrs.  J.  P.  Wetherill  and  G.  G.  Convers,  of 
the  Lehigh  Zinc  &  Iron  Company,  again  attempted  the  separa- 
tion, and  this  time  with  complete  success.  Their  first  method 
was  to  heat  the  ore  to  a  very  moderate  temperature  and  separate 
on  Wenstrom  machines.  This  was  patented  by  Mr.  Convers, 
December  20,  1892.  They  were  not  entirely  satisfied  with  this 
method  and  continued  their  experiments,  which  resulted  in  the 
discovery,  by  Mr.  Wetherill,  of  a  new  principle  in  magnetic  sep- 
aration— ^that  of  producing  a  highly  concentrated  field  by  using 
pointed  pole  pieces.  Mr.  Wetherill  took  out  three  patents  on 
March  3,  1896,  for  the  general  principle,  for  the  application  of 
it  to  ores  containing  Franklinite,  and  for  the  machine.  A  mill 
was  built,  and  the  Willemite  separated  was  used  for  the  manu- 
facture of  spelter,  and  the  Franklinite  for  oxide,  with  a  consid- 
erable increase  in  profits.  Experiments  were  continued,  and 
September  28,  1897,  Mr.  L.  G.  Rowand  patented  an  improvement 
in  the  machines,  and  March  7,  1905,  another,  which  greatly  in- 
creased the  efficiency  and  has  entirely  displs^ced  the  earlier  types 
in  this  country.  In  the  earlier  machines,  both  poles  of  the 
magnet  were  on  the  same  side  of  the  feed  belt,  with  the  result 
that  less  than  half  of  the  field  was  operative  and  the  strongest 
part  of  it  did  no  work.  In  Mr.  Rowand 's  improvement,  one  pole 
is  placed  above  the  belt  and  one  below;  the  former  is  pointed, 
the  latter  blunt.  The  entire  field  is  thus  available  and  the  maxi- 
mum possible  lifting  effect  is  utilized. 

These  machines  are  used  for  all  of  the  ore  at  Franklin,  and 
a  number  of  points  in  the  West.  Many  of  the  blendes  of  the  far 
West  contain  a  large  amount  of  isomorphous  iron  and  can  be 
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lifted  away  from  the  associated  pyrite  and  galena  by  the  power- 
ful magnets  of  the  later  Bowand  machines. 

February  26,  1901,  Lucian  I.  Blake  and  Lawrence  N.  Mor- 
scher  took  out  the  first  patents  for  the  electrostatic  separation  of 
ores.  They  found  that  different  minerals  were  charged  with 
opposite  polarity  when  brought  near  a  highly  charged  static 
conductor,  with  the  result  that  certain  ones  were  attracted  by  it 
and  others  were  repelled.  As  blende  and  pyrite  were  affected  in 
opposite  ways,  a  method  of  separation  was  based  on  this  prin- 
ciple. This  and  later  patents  by  the  same  parties  were  eventually 
acquired  by  the  American  Zinc,  Lead  and  Smelting  Company, 
who  also  bought  the  patents  for  a  somewhat  similar  process,  by 
Messrs.  P.  H.  Wynne  (November  28,  1905)  and  Millard  Wood- 
some  (September  25,  1906),  both  of  which  had  previously  been 
assigned  to  Mr.  Charles  H.  Huff  and  which  are  the  basis  of  what 
is  known  as  the  Huff  Process.  The  American  Zinc,  Lead  and 
Smelting  Company  and  its  affiliated  companies  have  built  a 
number  of  mills  using  these  processes,  and  state  that  they  are 
giving  very  satisfactory  results. 

Other  electrostatic  methods  have  been  patented  by  H.  M. 
Hutton  and  W.  L.  Steele,  C.  S.  Dolbear  and  A.  H.  Perry;  but 
none  of  them  have  been  largely  used. 

The  successful  application  of  flotation  to  the  separation  of 
blende  by  the  Butte  &  Superior  Company  is  the  most  recent 
advance  in  concentration  in  this  country.  They  have  been  fol- 
lowed by  others  and  the  indications  are  that  this  method  will 
render  available  a  large  amount  of  ore  that  was  of  too  low  grade 
to  be  smelted  without  concentration  and  could  not  be  treated 
successfully  by  the  older  methods.  This  method  is  of  particular 
value  for  slime  concentration. 

IMPROVEMEXTS. 

Two  types  of  spelter  furnace  have  been  developed  in  the 
United  States.  The  llepelcr,  which  was  later  modified  by  the 
Lanyon  to  suit  the  conditions  of  the  natural-gas  field,  and  with 
which  by  far  the  largest  part  of  the  smelting  capacity  of  the 
country  is  equipped.  The  Convers-De  Saulles  furnace  has  done 
excellent  work  and  is  much  more  economieal  in  fuel  than  the 
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Hegeler.  As  the  patents  covering  this  furnace  are  owned  by  one 
company,  it  has  never  come  into  general  use. 

Messrs.  Convers  and  De  Saulles  also  patented  a  process  of 
producing  zinc  dust,  which  makes  a  much  better  quality  of  prod- 
uct than  the  ordinary  prolong  blue  powder,  and  at  a  very 
moderate  cost. 

Several  roasting  furnaces  have  been  successful  to  a  greater 
or  less  extent;  the  Hegeler,  Brown,  Bopp,  Pearce,  Cappeau, 
Zellweger  and  Greenawalt  have  all  done  satisfactory  work  in  the 
natural-gas  field,  but  most  of  them  are  not  adapted  for  plants 
making  sulfuric  acid,  ais  the  gases  are  too  dilute.  The  Brown 
Muffle  Furnace  has  been  successfully  used  in  Silesia,  in  plants 
making  acid.  The  Hegeler  was  the  only  one  originally  designed 
to  give  a  gas  suitable  for  acid  making,  and  is  the  only  one  used 
for  this  purpose  in  this  country. 

Several  forms  of  ladle  car,  for  use  in  drawing  metal,  have 
been  invented  and  have  done  good  work.  The  most  important 
are,  first,  the  Hegeler,  patented  December  27,  1881;  and,  sec- 
ond, the  Chapman,  the  invention  of  Mr.  C.  S.  Chapman,  of  Pitts- 
burg, Kans.,  patented  July  22,  1900.  The  Hegeler  apparatus 
consists  of  a  four-wheeled  truck,  running  on  tracks  on  the  floor 
in  front  of  the  furnace,  and  carrying  a  ladle  hung  from  a  crane, 
which  is  raised  and  lowered  by  a  winch.  A  shield  on  the  side  of 
the  car  next  the  furnace  protects  the  workmen.  The  Chapman 
car  is  a  wide  shield  hung  from  rollers,  traveling  on  an  overhead 
rail,  and  having  a  vertical  slot  at  the  center  opposite  a  ladle  that 
is  raised  and  lowered  by  a  winch.  Both  are  largely  used  and 
have  given  satisfaction.  August  9,  1881,  Hegeler  patented  the 
first  cleaning  car.  It  has  a  shield  to  protect  the  men  and  grooved 
rollers  opposite  each  row  of  retorts  on  which  to  rest  the  scrapers. 
The  whole  apparatus  is  carried  on  a  car  running  on  tracks  in 
front  of  the  furnace.  In  1899,  William  and  Josiah  Lanyon 
patented  a  shield  traveling  on  an  overhead  rail  and  having  open- 
ings opposite  each  retort  for  the  cleaning  tools;  it  also  carries 
a  drawing  ladle.  Various  other  forms  of  shield  are  in  common 
use. 

The  method  of  cleaning  retorts  by  blowing  out  with  steam 
or  water  was  developed  by  the  Missouri-Kansas  coal  smelters, 
and  is  in  very  general  use.    It  saves  labor  but  does  not  clean  the 
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retorts  as  well  as  hand  work.  The  amount  of  steam  or  water 
used  is  very  small  and  the  practice,  contrary  to  what  might  be 
expected,  does  not  injure  the  retort. 

Of  gas  producers  there  is  no  end,  but  very  few  have  been 
invented  or  developed  by  the  zinc  smelters.  The  Hegeler  pro- 
ducer was  designed  especially  for  use  with  the  Hegeler  furnace, 
and  in  that  connection  has  done  good  work,  but  has  not  been 
much  used  for  other  purposes. 

Several  charging  and  discharging  machines  have  been  pat- 
ented and  tried.  The  Queneau,  in  which  the  charge  is  batted 
into  the  furnace  by  the  arms  of  a  rapidly  revolving  fan  wheel, 
and  the  James,  in  which  the  charge  is  blown  into  the  retort,  both 
charge  the  retorts  well,  but  their  use  did  not  cause  sufficient 
saving  in  time  or  cost  to  warrant  their  continued  use.  The  Sim- 
monds'  discharging  machine,  patented  September  8,  1914,  has  a 
scraper  chain  introduced  into  the  retorts  and  is  reported  to  work 
well,  but  has  not  had  time  to  come  into  general  use. 

NEW  PROCESSES. 

No  new- process  of  making  spelter  has  come  into  commercial 
use,  although  many  experimeuts  have  been  made. 

The  hydro-metallurgic  processes  fall  into  three  groups,  ac- 
cording to  the  solvent  used.  These  are  acids,  chlorine,  and  am- 
monia. Several  processes  have  been  patented  and  tried  using 
acids,  but  none  have  been  profitable,  and  I  do  not  know  of  any 
that  are  even  being  experimented  with  at  present.  The  main 
troubles  are  the  large  excess  of  acid  necessary  to  dissolve  the  zinc 
completely,  the  large  amount  of  other  metals  dissolved  at  the 
same  time,  and  the  expense  and  difficulty  of  purifying  the 
solutions. 

The  second  group  of  processes,  using  dry  chlorine,  is  being 
tested  by  several  people.  The  basic  idea  of  such  a  process  is  old 
and  well-known,  but  various  modifications,  as  those  of  Baker- 
Burwell,  Malm,  and  the  Northwestern  Metals  Company,  are  be- 
ing tried  on  a  fairly  large  scale,  and  in  each  case  the  inventors 
claim  with  good  results,  but  so  far  they  are  not  commercial.  They 
are  subject  to  the  same  disadvantages  as  the  previous  class,  with 
the  added  drawback  of  using  an  expensive,  volatile  and  very 
poisonous  solvent. 
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Mr.  Bretherton  has  recently  taken  up  the  old  ammonia 
process  and  the  published  results  of  his  experiments  show  very 
good  extraction.  He  has  devised  some  very  ingenious  apparatus 
to  prevent  the  loss  of  ammonia  (which  was  one  of  the  causes  of 
previous  failures)  and  has  succeeded,  on  a  small  scale,  in  work- 
ing with  very  slight  losses.  Ammonia,  as  a  solvent,  has  the  ad- 
vantage of  not  dissolving  the  carbonates  of  lime  and  magnesia, 
which  are  a  serious  cause  of  expense  when  acids  or  chlorine  are 
used.  It  dissolves  the  zinc,  copper  and  cadmium,  and  small  pro- 
portions of  the  iron  and  nickel ;  the  two  latter  sometimes  in  suf- 
ficient proportion  to  discolor  the  zinc  oxide  precipitated  from  the 
solutions.  The  solvent  is,  however,  expensive  and  so  volatile  that 
great  care  has  to  be  exercised  to  prevent  excessive  loss.  The 
Bretherton  process  has  not  yet  been  tried  on  a  manufacturing 
scale. 

Some  experimenting  has  been  done  with  electrolytic  precipi- 
tation, but  it  has  not  been  successful  and  it  is  exceedingly  doubt- 
ful if  it  ever  will  be  so  in  a  commercial  sense.  There  is,  first,  the 
diflSculty  and  expense  of  making  and  purifying  the  solutions; 
second,  the  diflSculty  of  continuously  making  a  solid  and  coher- 
ent deposit;  and  third,  the  cost  of  the  power  required  for  the 
precipitation.  The  possible  minimum  of  the  latter  is  well  known, 
and  no  district  is  known  in  this  country  in  which  both  ore  and 
power  can  be  obtained  cheaply  enough  to  oflCer  much  prospect  of 
success. 

Much  work  has  been  done,  and  many  patents  have  been  taken 
out,  for  furnaces  and  processes  for  the  electrothermic  smelting  of 
zinc.  Mr.  Woolsey  McA.  Johnson  has  unquestionably  made  more 
progress  in  this  direction  than  anyone  else,  and  even  he  is  now 
confining  his  attention  to  ores  containing  other  valuable  metals 
besides  zinc.  That  an  electric  smelting  process  can  be  worked 
out,  no  one  doubts.  So  far  the  power  requirements  are  too  high 
and  the  diflficulties  in  condensation  have  not  been  overcome. 
With  larger  and  better  furnaces,  the  former  will  doubtless  be 
reduced  and  means  will  probably  be  discovered  of  avoiding  the 
excessive  production  of  flue  dust  and  blue  powder.  The  infor- 
mation available  at  the  present  time  does  not  indicate  that  elec- 
tric smelting,  purely  for  the  production  of  spelter,  is  likely  to 
be  a  serious  competitor  of  coal  or  gas  smelting.    In  the  case  of 
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ores  containing  considerable  amounts  of  lead,  copper,  gold  or 
silver,  in  addition  to  zinc,  that  cannot  be  economically  separated 
by  mechanical  means,  the  electric  furnace  may  prove  of  advan- 
tage, and  is  likely  to  be  of  commercial  value.  The  supply  of  such 
ores,  however,  is  not  nearly  as  large  as  is  commonly  supposed, 
and  in  a  large  proportion  of  cases  they  occur  at  points  where 
cheap  power  is  not  available. 
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The  accompanying  diagrams  show  graphically  the  produc- 
tion of  spelter  for  the  United  States  and  for  the  world.  The 
diagram  of  the  world's  production  gives  in  each  case  the  average 
production  for  ten  years,  starting  with  1884  to  1893,  1885  to 
1894,  etc.  In  this  way,  the  extreme  fluctuations  are  hidden  and 
the  general  progress  is  shown.  For  the  United  States,  it  was 
impossible  to  make  a  similar  diagram,  as  several  districts  were 
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not  producing  spelter  for  the  entire  time.     In  this,  the  output 
is  therefore  shown  by  years. 
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The  following  tables  give  the  production  of  spelter  in  the 
United  States  and  the  world  by  districts,  for  periods  of  five 
years,  in  tons,  with  the  percentage  of  the  total  and  the  increase 
or  decrease  in  percentages  of  each  period  over  the  preceding : 
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DI80USSIOK 

Prof.  O.  H.  Olevenger/^  Mem.  A.  I.  M.  K,  felt  that  the  author  had  Prof, 
discussed  the  hydrometallurgy  of  zinc  much  more  briefly  than  its  impor-  Cflevenger. 
tance  demanded.  He  stated  that  the  principal  difficulty  involved  in  the 
operation  of  hy drome tallurgical  processes  upon  zinc  ores  has  not  been  so 
much  in  getting  the  zinc  into  solution  as  in  connection  with  precipitation. 
Fortunately  the  difficulties  in  connection  with  precipitation  have  recently 
been  overcome  in  a  very  simple  manner,  so  that  at  the  present  time  there 
are  four  or  five  large  companies  producing  electrolytic  zinc  successfully 
upon  a  semi-commercial  scale,  with  a  number  of  them  contemplating  large 
installations. 

Professor  Clevenger  said  that  it  is  useless  to  suppose  that  hydro- 
metallurgical  processes  are  going  to  prove  a  panacea  in  connection  with 
zinc.  Also,  he  pointed  out  that  ordinarily  there  is  no  trouble  with  high- 
grade  ore,  but  that  with  low-grade  ore^  cost  of  fuel  and  refractories  are 
the  limiting  conditions  of  the  old  methods  of  reduction.  He  added  that 
in  the  course  of  time  the  hydrometallurgical  processes  would  find  their 
proper  field. 

Mr.  L.  H.  I>ii8Cliak,***  stated  that  excessively  cheap  power  is  not       Mr. 
necessary  for  the  successful  electrolytic  precipitation  of  zinc.     At  Palo   Duschmk. 
Alto  the  Beed  process  has  produced  zinc  at  the  rate  of  one  pound  of  zinc 
per  one-half  kw-hr. 

Mr.  S.  E.  Bretherton/  Mem.  A.  I.  M.  E.,  called  attention  to  the  neces-  Hr. 
sity  for  having  the  zinc  solution  to  be  electrolyzed  pure,  and  further  stated  '6tn«rton. 
that  he  was  at  that  time  devoting  his  attention  to  the  treatment  of  flota- 
tion zinc  concentrate  by  hydrometallurgical  processes.  He  also  called 
attention  to  the  fact  that  the  cost  for  power  in  Los  Angeles  would  be 
less  than  one  cent  per  pound,  while  at  Anaconda  it  would  be  less  than 
one-half  cent  per  pound. 

Mr.  O.  C.  Carson,t  stated  that  zinc  could  be  retorted  for  ^/^  cent  per     Mr. 
pound  and  that  it  cost  two  cents  per  pound  to  produce  electrolytic  zinc.  ^*"®'^- 
He  stated,  however,  that  it  is  difficult  to  get  retorts  that  will  stand  a 
temperature  of  2000°  P. 

Mr.  J.  O.  Dick,t  Mem.  A.  I.  M.  E.,  asked  if  the  lack  of  suitable    ^r. 
refractory  clays  has  had  anything  to  do  with  the  non-production  of  spelter 
in  the  West. 

Mr.  Carson  stated  that  he  thought  it  had  not;  that  the  primary  reason     Mr. 
is  that  people  have  not  given  the  matter  much  attention.     In  England  C*™®"^- 
and  Germany,  Belgian  clay  is  used. 


**  Stanford  University,  Calif. 
***  San  Francisco,  Calif. 
*  San  Francisco,   Calif, 
t  San  Francisco,  Calif. 
t  Salt  Lake  City,   Utah. 
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Mr.  Mr.  J.  W.  Beckman****  asked  regarding  the  suitability  of  Stockton 

Beckman.  ^i^j 

Mr.  Mr.  Carson  replied  that  the  clays  used  by  him  are  selected  by  the 

Carson,  pottery  people,  silica  being  mixed  with  the  clay  at  the  time  of  manufac- 
ture. He  thought  that  the  difficulty  might  be  in  connection  with  improper 
methods  of  manufacture. 

Hr.  Mr.  E.  B.  Braden,*  Mem.  A.  I.  M.  E.,  stated  that  more  had  been 

Braden.  ^q^^  jn  improving  the  metallurgy  of  zinc  in  the  past  year  than  had  been 
done  in  the  previous  decade. 

♦***  San  Francisco,  Calif. 
*  San  Francisco,  Calif. 
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A  historical  sketch  of  the  advancement  of  the  science  and 
art  of  ore  dressing,  dealing  especially  with  the  latest  results,  will 
cover,  the  author  believes,  the  ground  implied  in  a  symposium. 

As  the  subject  is  not  well  written  up  in  its  early  develop- 
ment, the  author  will  present  it  as,  in  his  mind,  it  would  have 
logically  taken  place. 

The  primitive  metal  worker  picked  out  the  rich  specimens 
by  hand  and  then  smelted  them.  He  next  washed  the  ore  pile 
to  make  the  picking  easier.  He  then  noticed  the  small  sizes  of 
ore  grains  collecting  in  eddies  and  ripple  marks,  concentrated 
by  the  flowing  of  the  water,  and  scraped  these  up.  He  then  ran 
the  mine  fines  through  a  trough  and  collected  the  small  grains 
which  were  left  behind.  He  now  found  that  by  putting  in  riffle 
blocks  he  could  increase  the  catch.  In  this  way,  the  wash 
trough  for  ore  was  developed,  and  finally,  at  a  much  later  date, 
the  riffle  sluice  for  gold. 

The  next  step  in  the  evolution  probably  came  by  watching 
the  waste  flow  away  from  the  tail  of  the  wash  trough  and  build 
up  a  sand  bank  which  was  rich  at  the  upper  end  and  poor  at  the 
lower.  From  this,  he  constructed  a  second  or  lower  trough, 
from  which  the  building  huddle  was  developed.  He  found  that 
by  sweeping  transversely  he  could  greatly  aid  in  keeping  the 
values  at  the  upper  end.  This  combination  of  a  wash  trough 
with  riffle  cleats  and  a  building  huddle  is  so  efficient  that  it  is 
today  one  of  the  most  valuable  prospector's  tools,  where  the 
prospector  is  beyond  the  reach  of  modem  mills  and  wants  an 
approximate  valuation  of  the  concentrating  qualities  of  the  ore. 
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After  getting  the  fixed  building  sweeping  buddle  (intermit- 
tent) he  next  made  the  Freiberg  suspended  building  buddle 
(intermittent)  with  cam  spring  and  bumping  post.  Then  EUen- 
becker  invented  his  surface  jerking  table  (continuous)  at  Calu- 
met and  the  Gilpin  County  bumper  came  next  in  Colorado. 
Frue  followed  with  his  belt  vanner,  which  is  extensively  used 
today. 

While  those  improvements  were  in  progress  for  two-min- 
eral separation,  Rittinger  invented  his  continuous  side-bump 
table  with  the  bumping  action  at  right  angles  to  the  flow  of  the 
water,  separating  the  feed  into  several  products  according  to 
weight  and  size.  This  was  followed  by  the  Wilfley  table,  which 
is  one  of  the  greatest  advances  ever  made  in  ore  dressing.  It 
depends  on  the  jerking  progressive  motion  acting  at  right 
angles  to  the  flow  of  the  water  and  on  the  diagonal  line  of 
mechanical  control  of  the  separation. 

The  hand  sieve  for  cleaning  and  hand  picking,  when  used 
in  a  wash  tub,  must  have  very  soon  developed  the  principle  of 
the  jig,  and  next  came  the  mechanical  design  for  the  hand  jig 
with  moving  sieve.  It  was  then  arranged  with  a  cam  to  be  run 
by  power.  Some  bright  mind  then  said,  "we  are  moving  the 
sieve  and  letting  the  water  stay  still;  why  don't  we  move  the 
water  and  let  the  sieve  stay  still?"  and  from  that  thought  came 
the  plunger  jig.  Then  the  jig  was  fed  and  discharged  tailing 
continuously,  the  concentrate  being  skimmed  off  periodically 
and  the  hutch  drawn  off.  Then  the  discharge  for  concentrate, 
with  gate  and  dam,  was  introduced.  This  made  the  jig  the 
entirely  continuous  machine  which  is  in  use  today  in  the  mod- 
ern  mills.  Devices  for  softening  the  suction  action,  which  tends 
to  blind  the  screen,  met  with  favor  and  have  become  part  of  the 
mill  man's  equipment.  Among  them  are  the  sliding  block,  the 
Hodge  jig,  the  crank  arm,  the  CoUom  jig  with  spring,  and  the 
new  Century  jig  with  spring. 

The  Woodbury  jig,  by  a  combination  of  deep  bed  and  gate 
and  dam  discharges  at  graded  heights,  combines  jigging  with 
removal  of  slime.  The  pulsator  jig  overcomes  screen  blinding 
entirely,  and  increases  the  capacity  of  a  jig  many  times  on 
account  of  the  extremely  soft  bed  it  maintains.  The  Hancock 
jig  of  very  large  size — with  moving  screen  divided  off  into  com- 


ORE  DRESSING  449 

partments  producing  different  grades  of  products,  using  little 
water  and  power,  but  with  very  large  capacity,  400  tons  or  500 
tons  in  24  hours,  ranging  in  size  from  8  mm.  to  2  mm. — seems  to 
be  the  climax  in  jigging  at  the  present  time. 

In  slime  concentration,  an  early  form  of  table  is  the  Cor- 
nish frame,  a  plane  surface,  sloping  from  feed  end  to  tail  end, 
over  which  slime  flows.  Periodically,  the  feed  is  stopped  and 
the  concentrate  flushed  off.  Following  this  came  the  convex, 
revolving,  conical,  round  table  which  is  a  continuous-acting 
machine,  feeding,  washing,  and  discharging  concentrate  and 
tailing  without  stopping  to  discharge  concentrate — a  most  use- 
ful table.  The  fixed  blanket  table  for  catching  concentrate,  and 
especially  gold,  was  an  early  development. 

In  gold  working,  the  canvas  table,  rectangular  in  form  with 
a  surface  of  cotton  duck,  run  like  a  Cornish  frame,  has  been 
much  used.  When  fed  with  extremely  fine  slime,  as  in  the  Gates 
canvas  plant,  this  is  at  its  best,  and  is  a  very  efficient  machine. 
The  Taylor  Woodworth  experiment  at  Lake  Superior  was  in- 
tended to  make  the  Gates  system  more  automatic  with  less  labor 
costs,  flushing  25  tables,  more  or  less,  at  once;  but  for  various 
reasons  it  was  discontinued.  The  most  pronounced  success,  and 
the  climax  of  the  series,  is  the  Anaconda  rough  surface,  convex, 
conical,  round  table  with  very  slow  revolution  and  fed  with 
extremely  fine  slime.  This  has  accomplished  more  and  better 
work  than  any  of  its  predecessors. 

FLOTATION  PROCESS. 

Devices  depending  upon  surface  tension,  or  as  it  is  some- 
times called,  '*  greasy-flotation '^  are  destined  to  play  an  ex- 
tremely important  part  in  the  concentration  of  fine  ores.  They 
depend  upon  the  great  aversion  that  some  minerals  (metallic, 
sulphide  and  some  ozidcs  and  carbonates)  have  to  being  wetted 
with  water,  which  is  increased  by  a  film  of  oil  on  the  mineral 
particle,  while  others  have  little  or  no  aversion.  The  minerals 
which  are  difficult  to  wet  with  water  are  easily  wetted 
with  oil,  even  in  the  presence  of  water,  while  those  that  are 
easily  wetted  with  water  are  not  easily  wetted  with  oil  in 
presence  of  water.  A  little  acid  increases  this  differentiation  in 
both  directions. 
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If  dry  particles  of  pyrite  and  quartz  0.01  inch  in  size  are 
lightly  dropped  on  water,  the  pyrite  particles  will  almost 
wholly  float  on  the  surface  while  the  quartz  particles  will  almost 
wholly  sink,  due  in  the  first  place  to  the  surface  tension,  or 
aversion  of  the  pyrite  to  be  wetted,  and  in  the  second  place,  to 
the  ease  with  which  the  quartz  is  wetted.  If  the  quartz  and 
pyrite  are  stirred  violently  with  water  and  a  very  little  oil,  the 
oil  is  selective  and  attaches  itself  mainly  to  the  pyrite  and  but 
little  to  the  quartz;  the  presence  of  a  little  sulphuric  acid  in- 
creases the  attraction  of  pyrite  for  oil,  and  the  aversion  of 
quartz  for  oil.  If  in  any  way  small  gas  bubbles  are  introduced 
into  the  mass,  they  adhere  to  the  pyrite,  but  not  to  the  quartz. 
The  bubbles  act  like  life  preservers  and  float  the  pyrite  grains 
up  to  the  surface.  This  scum  or  froth  can  be  skimmed  oflE,  car- 
rying with  it  the  pyrite,  and  the  quartz  will  be  left  behind. 

There  are  many  ways  of  getting  the  minute  bubbles  needed : 
carbon  dioxide  from  the  action  of  sulphuric  acid  on  dolomite 
or  siderite,  sulphuretted  hydrogen  from  blende  or  pyrrhotite 
and  acid;  air  blown  in  in  fine  bubbles;  vacuum  fine  bubbles  of 
dissolved  air  to  be  drawn  out  of  the  water ;  air  forced  into  water 
under  pressure  effervesces  when  pressure  is  removed ;  water  as 
it  begins  to  boil  liberates  fine  bubbles  of  air.  If  oil  is  used  in 
larger  quantity,  it  floats  up  the  sulphide  by  its  buoyancy. 

If  quartz  blende  and  galena  are  treated  as  above,  the  blende 
and  galena  will  be  found  in  the  scum  or  froth ;  but  if  they  be 
given  a  brief  roast  beforehand,  the  galena  with  slight  coat  of 
oxide  will  sink  with  the  quartz  and  the  blende  will  float  in  the 
scum.  The  galena  can  then  be  separated  from  the  quartz  by  the 
concentrating  tables. 

If  fine  magnetic  sand  be  mixed  with  the  ore  while  the  oil 
is  being  stirred  in,  the  magnetite  forms  a  catching  nucleus  for 
the  ore,  and  the  scum  so  formed  can  have  the  oil  removed,  to 
be  used  over  again,  and  then  the  magnetite  can  be  separated 
by  magnet  from  the  values. 

PXEI'MATIC  PROCESSES. 

The  pneumatic  riffle  table  (Sutton,  Steele  and  Steele) 
avoids  the  use  of  water  in  concentrating  ores  where  water  is 
scarce. 
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The  Plumb  air  jig  is  proving  a  valuable  helper  in  separat- 
ing certain  concentrate  products  where  the  wet  machines  do  not 
give  perfect  enough  separation,  for  example,  blende  from  ga- 
lena. 

THE  MAGNET. 

There  are  three  leading  conditions,  and  consequent  proc- 
esses, whereby  the  magnet  may  be  used  for  separating  the 
mineral  grains  that  are  attracted  from  those  that  are  not:  (a) 
minerals  that  are  strongly  magnetic,  (b)  minerals  that  are 
weakly  magnetic,  and  (c)  minerals  that  are  not  magnetic  but 
may  become  so  by  suitable  treatment. 

(a)  Strongly-magnetic  minerals  may  be  separated  from 
others,  whether  or  not  of  the  same  specific  gravity.  Many  mag- 
netic machines  have  been  devised;  perhaps  none  has  more 
capacity  or  is  more  efficient  than  the  Ball-Norton  belt  machine. 
This,  by  its  numerous  magnetic  poles  of  alternate  polarity — 
the  earlier  of  stronger  magnetic  force,  the  latter  of  weaker — 
will  separate,  first,  a  tailing  of  no  commercial  value,  next,  a 
middling  for  re-crushing  and  re-treatment  and,  finally,  a  con- 
centrate for  the  furnaces.  This  concentrate  is  made  especially 
free  from  the  non-magnetic  minerals  owing  to  the  alternate 
polarity  of  the  poles,  which  causes  the  tufts  of  mineral  grains 
to  be  inverted  with  every  new  pole,  and  thus  the  less  magnetic 
or  non-magnetic  grains  are  sifted  out  from  their  entangle- 
ments. 

(b)  For  weakly-magnetic  minerals,  a  number  of  high- 
power  magnetic  machines  have  been  devised,  among  them  per- 
haps none  has  more  efficiency  than  the  Rowahd-Wetherill  mag- 
net. These  magnets  can  separate  minerals  that  have  so  little 
magnetic  susceptibility  that  they  show  none  of  it  to  a  strong, 
permanent  hand  magnet.  For  example,  limonite  may  be  com- 
pletely separated  from  quartz.  Again,  monozite  may  be  com- 
pletely separated  from  garnet  and  hypersthene  (more  magnetic 
minerals)  and  from  zircon  and  quartz  (less  magnetic  minerals). 

Differential  Magnetic  Work  on  Weakly  Magnetic  Minerals. 

A  little  6-inch  Wetherill  magnet  (Rowand  type)  at  Port- 
land, Oregon,  separated  black  sand  by  repeating  the  treatment 
each  time  with  increased  amperage,  the  minerals  taken  out 
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were  as  follows:  With  0.2-amperes  electric  current  the  mag- 
netite was  taken  out;  1.1  amperes  took  out  the  ilmenite;  1.6 
amperes,  the  chromite  and  platinum ;  1.75  amperes,  the  garnet ; 
2.2  amperes,  the  hypersthene  and  olivene;  3.5  amperes,  the 
monazite;  leaving  zircon  and  quartz,  gold  and  iridium  as  non- 
magnetic. 

(c)  The  separation  of  dark-colored  blende  from  pyrite  is 
generally  in  class  (b),  the  blende  being  the  weakly-magnetic 
mineral,  but  with  resinous,  light-colored  blende  (commercially 
non-magnetic),  the  process  is  more  complicated.  The  pyrite  is 
coated  on  its  surface  with  a  thin  film  of  magnetite  or  pyrrhotite 
by  a  brief  oxidizing  roast ;  the  product  so  prepared  easily  yields 
to  the  treatment  described  in  class  (a).  A  1  mm.  grain  of  pyrite 
exposed  between  one  and  two  minutes  to  oxidation  at  a  red  heat 
reaches  maximum  magnetic  properties;  with  longer  time  or 
shorter  time,  it  has  less  magnetism. 

In  separating  siderite  from  resinous  blende,  the  procedure 
is  as  witli  light-colored  (non-magnetic)  blende,  where  the  roasted 
siderite  is  the  magnetic  mineral  only.  The  exposure  required  in 
the  furnace  is  to  a  higher  heat  and  for  a  longer  time  than 
with  pyrite. 

STATIC  ELECTRIC  SEPARATION. 

Static  electricity  from  a  frictional  machine  effects  a  sepa- 
ration on  certain  minerals  of  the  same,  or  nearly  the  same, 
specific  gravity.  If  a  <»onductor,  for  example,  a  brass  cylinder, 
is  charged  with  one  pole  of  a  static  machine  and  grains  of  sand 
of  mixed  minerals  iare  dropped  on  to  it,  the  good  conductors  will 
at  first  stick  tight  to  the  cylinder,  but  as  soon  as  fully  charged, 
will  fly  off  into  space.  The  poorer  conductors  do  the  same,  but 
it  takes  them  a  longer  time.  The  current  from  a  dynamo  will 
do  the  same,  provided  its  voltage  is  sufficiently  high.  By  adjust- 
ing the  currents  rightly,  static  electricity  can  give  three  products : 
(1)  very  good  conductors,  which  fly  off  immediately;  (2)  mid- 
dling conductors,  which  do  not  get  sufficiently  charged,  and  so 
stick  to  the  pole  (they  have  to  be  brushed  off  the  pole) ;  and  (3) 
the  very  poor  conductors,  which  simply  tumble  off  the  cylinder 
as  it  slowlv  revolves. 
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BREAKING. 

Very  early  in  the  scheme  of  concentration  the  use  of  the 
hand  hammer  for  cleaning  the  values  from  the  waste  came  in. 
This  was  followed  later  by  hammers  driven  by  power,  or  crude 
stamps.  These  were  gradually  developed  until  the  California 
stamp  was  evolved. 

Gravity  stamps  are  common,  weighing  1000  lbs.  to  1200 
lbs.  or  even  2000  lbs.,  crushing  down  to  y^  inch  maximum  and 
to  1/30  inch  minimum.  A  recent  design  has  a  cam  with  uni- 
formly accelerated  motion  which  saves  some  power  and  most 
of  the  noise. 

The  rock  breakers  of  the  Blake  type  were  introduced  to  do 
away  with  the  heavy  work  of  coarse  breaking  by  hand. 

Rock  breakers  of  the  Blake  type  are  standard  for  milling 
work.  They  are  made  up  to  24  inches  by  36  inches  jaw  open- 
ing. One  firm  makes  one  much  larger  than  that — 66  by  76  inches 
j%w  opening.  The  76-inch  machine  breaks  to  12  inches  j  the  36- 
inch  machine  to  4  inches,  the  smallest  to  l^^  inches  in  size. 

The  Dodge  breaker  is  used  in  places  where  a  constant 
maximum  limit  in  size  is  especially  important.  They  break 
down  to  2  inches  or  even  1  inch. 

The  Gates  and  McCuUy  spindle  breakers  are  used  to  take 
the  run  of  mine  and  bring  it  down  to  some  uniform  maximum 
size ;  4-inch  size  is  common  for  the  large  machines.  The  smaller 
machines  crush  to  2  inches  or  1^/^  inches. 

Bolls  are  standard  for  intermediate  breakers.  They  are 
made  as  large  as  54  inches  by  18  inches  for  the  greatest  capacity 
and  efficiency.  Belted  rolls  are  much  more  common  than 
geared  rolls.  They  break  to  a  maximum  of  about  1  inch  and  to 
a  minimum  of  about  1/16  inch.  The  Symons  disc  crusher  breaks 
from  2  inches  to  1/4  inch  with  great  capacity. 

Chile  mills  and  tube  mills,  cylindrical  or  conical,  are  prom- 
inent machines  for  fine  crushing  preparatory  to  concentration. 
Their  breaking  limits  range  from  1/16  inch,  or  IVo  mm.,  maxi- 
mum down  to  1/50  inch,  or  Vo  mm.  minimum  size ;  tube  mills  are 
universal  for  the  finer  sizes.  In  some  cases,  the  tube  mills  are 
required  to  break  much  finer.  The  finest  limit  may  be  0.08  mm., 
or  3/1000  inch. 
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Steam  stamps  weigh  up  to  2%  tons  and  usually  crush  eon- 
glomerate  at  the  rate  of  300  tons  per  24  hours  from  3-inch  down 
to  3/16-inch,  and  amygdaloid  at  the  rate  of  600  tons  per  24 
hours,  from  3-inch  down  to  %-inch. 

IMPROVEMENTS  IN  MILLING. 

In  the  Latce  Superior  Copper  regions,  the  improvements 
that  have  done  the  most  to  reduce  waste  and  increase  yield 
are:  (1)  the  mortar  discharge,  which  removes  copper  nuggets 
from  the  steam-stamp  mortar  almost  as  soon  as  they  are  freed 
from  rock.  Formerly  these  nuggets  remained  in  the  mortar  and 
were  abraded,  yielding  much  fine  copper  slime — too  fine  to  be 
saved.  (2)  The  use  of  a  coarse  stamp  discharge  screen,  %-inch 
round  hole  and  a  trammel  I^-inch  hole,  giving  a  chance  to  catch 
%-inch  to  Vi-inch  nuggets  on  an  outside  jig  or  hydraulic  classi- 
fier and  saving  much  sliming  of  copper.  The  %-  to  %-inch  jig 
tailing  is  re-crushed  and  put  back  into  the  system.  (3)  The  re- 
crushing  and  washing  of  all  coarse  tailing  for  the  recovery  of 
included  grains  of  copper. 

At  Anaconda,  Montana,  the  latest  flow  sheet  shows  that  the 
rock  will  be  crushed  primarily  to  7  mm.  and  then  screened  on  a 
iy2  mm.  screen;  the  oversize  yields  concentrate  on  Hancock 
Jig  and  the  middling  is  re-crushed  to  IV^  mm.  The  primary 
and  re-crushed  (IV^  mm.  to  0)  materials  go  to  an  Anaconda 
classifier,  yielding  slime  (.08  to  0  mm.)  for  flotation  and  sand 
for  Wilfley  tables.  The  middling  from  these  (no  tailing  is 
made)  goes  to  tube  mills  and  Anaconda  classifiers,  making 
slime  (.08  to  0  mm.)  for  flotation  and  the  sand  returns  to  the 
tube  mills.  The  primary  flotation  will  yield  two  products,  low 
grade  concentrate  and  tailing  with  .08%  copper.  The  primary 
concentrate  will  go  to  secondary  flotation  and  yield  high  grade 
concentrate  and  middling.  This  last  will  go  back  over  again  to 
the  primary  flotation.  The  yield  of  a  final  tailing  with  only 
0.08%  copper  is  a  most  extraordinary  achievement. 

The  improvements  in  Missouri  Lead,  Idaho  Lead  and  Ari- 
zona Copper  are  along  the  same  general  lines  as  Montana, 
namely,  jigs  for  coarse  sands,  classifiers  and  tables  for  finer 
sands,  and  flotation  for  the  slime.  The  limit  at  which  re-crush- 
ing stops  is  much  coarser  in  the  lead  and  silver-lead  mills  than 
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in  the  copper  mills,  owing  to  the  lower  value  of  the  chief  metal 
value. 

The  importance  of  classification  preparatory  to  "Wilfley- 
table  work  seems  to  be  everywhere  admitted ;  by  it  the  fine  free 
mineral  losses  in  Wilfley-table  tailing  are  mostly  prevented. 

The  porphyry  coppers  of  Utah  and  Arizona  generally  use  a 
roughing  riffle  table ;  the  tailing  from  this  goes  to  classifiers  and 
the  various  products  to  vanners — ^the  corrugated  belt  for  the 
coarser  sizes  and  the  smooth  belt  for  the  finer.  Flotation  has 
been  taken  up  and  is  to  increase  the  saving  on  the  older  method 
very  greatly.  The  wonderful  success  of  the  porphyry  copper 
mines  seems  to  have  been  due  to  the  insistence  on  enormous 
capacity,  even  if  high  saving  was  not  at  first  attained.  Now  the 
high  saving  is  coming  through  the  flotation  process. 

The  Timber  Butte  mill  of  Butte,  Montana,  gives  a  very  good 
example  of  the  most  advanced  methods  used  on  complex  ore, 
combining  water  concentration  and  flotation.  The  ore,  carrying 
zinc,  lead,  copper,  gold  and  silver,  is  crushed  to  2^2  dmi^-  Rough- 
ing tables  then  give  (1)  mixed  minerals,  (2)  coarse  zinc  and  (3) 
slime.  The  mixed  minerals  (1)  by  classifiers,  jigs  and  tables 
give  (A)  lead,  (B)  mixed  minerals  and  (C)  coarse  zinc.  The 
mixed  minerals  (B)  are  re-crushed  to  20  mesh  (probably  % 
mm.),  then  classifiers,  and  tables  give  (a)  lead,  (b)  mixed  min- 
erals, (c)  coarse  zinc,  and  (d)  slime.  The  mixed  minerals  (b) 
are  re-crushed  to  60  mesh  (probably  Vi  mm.),  and  all  the  slime 
added  to  them.  Flotation  separates  the  (1)  zinc  and  lead  from 
the  silica  and  insolubles.  Then  wet  concentration  upon  the  flo- 
tation zinc  and  lead  gives  (1)  lead  and  (2)  fine  zinc,  yielding  a 
high  extraction  of  zinc,  lead  and  copper.  The  silver  and  gold 
are  distributed  in  with  these  other  metals. 

DISCUSSION 

Mr.  S.  E.  Bretberton,*  Mem.  A.  I.  M.  E.,  asked  if  barite,  calcite  and        ^^• 
other  gangue  minerals  like  quartz  would  be  rejected  by  flotation. 

Prof.  B.  H.  BichardB,**  Hon.  Mem.  A.  I.  M.  E.,  replied  that  generally     ^'**'* 
it  was  only  the  sulphides  that  were  carried  to  the  surface  in  flotation, 
but  that  there  might  be  exceptions  to  this  general  statement. 

*  San   Francisco,   Calif. 

**  Masa.  Inst,  of  Technology,  Boston,  Mass. 
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Mr.  BIr.  G.  O.  OaxBon***  asked  regarding  the  behavior  of  zinc  carbonate 

Carson,  j^  flotation. 

Mr.  BIr.  H.  O.  Farmelee****  replied  that  some  work  had  been  done  along 

Parmelee.  this  line  by  students  at  the  Colorado  School  of  Mines,  but  his  impression 
was  that  the  results  were  negative. 

***  San  Francisco,  Calif. 
****  Denver,  Colo. 
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Electrometallurgy  is  not  a  separate  branch  of  metallurgy, 
like  smelting  or  refining,  nor  is  it  restricted  to  any  metal  or  any 
class  of  metals,  but  it  is  rather  a  collection  of  methods  which 
may  be  employed  to  a  greater  or  smaller  degree  in  any  branch 
of  the  metallurgy  of  any  metal,  and  the  common  characteristic 
feature  of  all  these  methods  is  that  they  make  use  of  some  prop- 
erty of  the  electric  current.  A  logical  classification  of  the  whole 
of  electrometallurgy  must  be  based  on  the  specific  properties 
of  electricity  which  are  utilized  for  metallurgical  ends. 

Any  property  or  effect  of  the  electric  current  may  be  em- 
ployed usefully  in  metallurgy.  Thus  the  magnetic  effect  is 
utilized  in  electromagnetic  separation;  the  difference  in  electric 
conductivity  of  different  materials  in  electrostatic  separation; 
the  old  familiar  phenomenon  of  the  '* electric  wind"  in  the  Cott- 
rell  process  of  electrostatic  dust  precipitation,  and  so  on.  But 
in  the  field  commonly  called  electrometallurgy — and  to  this  field 
the  present  summary  is  restricted — two  different  fundamental 
properties  of  the  electric  current  are  employed :  first,  its  heating 
effect;  second,  its  electrolytic  effect.  If  the  heating  effect  alone 
is  utilized,  we  speak  of  electric  furnace  processes;  if  the  elec- 
trolytic effect  is  utilized,  we  speak  of  electrohi;ic  processes.  If 
both  the  heating  and  the  electrolytic  effects  are  utilized,  we 
speak  of  electrolytic  furnace  processes. 

I.  ELECTRIC  FURNACE  PROCESSES. 

A.    Fundamental  Principles. 

There  is  no  specific  electrical  feature  which  distinguishes  an 
electric-furnace  reaction  as  a  chemical  reaction  from  those  taking 
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place  in  ordinary  metallurgical  processes.  The  distinguishing 
feature  rests  in  the  apparatus,  the  heat  required  for  the  reaction 
being  produced  electrically.  If  the  same  amount  of  heat  would 
be  generated  in  the  same  material  in  some  other  way  than  by 
electricity  (all  other  conditions  being  equal),  the  reactions  would 
be  exactly  the  same.  At  least,  this  statement  is  true  for  all  elec- 
tric-furnace processes  at  present  in  commercial  use  in  electro- 
metallurgy. 

Compared  with  the  production  of  heat  from  fuel,  electrical 
heat  has  two  advantages :  First,  a  considerably  higher  tempera- 
ture may  be  obtained ;  this  is  limited  in  arc  furnaces  by  the  tem- 
perature of  the  arc,  which  is  around  3400  deg.  C.  (or  around 
6200  deg.  F.),  and  in  resistance  furnaces  chiefly  by  structural 
considerations,  such  as  the  availability  of  insulating  refractories, 
etc.  While  in  ordinary  metallurgical  furnaces  temperatures  up 
to  2000  deg.  C.  are  obtainable,  temperatures  up  to  3400  deg.  C. 
can  be  produced  without  special  difficulty  in  the  electric  furnace. 
Secondly,  for  reactions  requiring  certain  refinements,  the  electric 
furnace  has  the  advantage  of  permitting  easiei*  control  of  the 
conditions  of  operation,  such  as  temperature,  chemical  nature  of 
the  atmosphere,  etc. 

On  the  other  hand,  the  disadvantage  of  electrical  heat,  as 
compared  with  heat  from  fuel,  is  its  much  higher  cost  under  all 
ordinary  normal  conditions.  To  figure  the  cost  of  electrical 
heat,  we  have  the  fundamental  conversion  factors : 

1  kilowatt-hour  =  860  kilogram-calories. 
1  kilogram-calorie  =  0.001163  kilowatt-hour. 

One  kilowatt-hour  is  equivalent  to  860  kg.-calories,  or  about 
the  full  heat  which  can  be  produced  from  0.1  kg.  of  good  coal 
when  completely  burnt  to  COj.  If  the  cost  of  one  ton  (2000  lbs. 
=  907  kg.)  of  coal  is  a  dollars  and  if  the  efficiency  of  heat  pro- 
duction by  burning  coal  is  m  percent,  then  the  cost  of  producing 
860  kg.-calories  from  burning  10/m  kg.  coal,  is  a/ (90.7  m)  dol- 
lars. On  the  other  hand,  if  the  cost  of  1  kilowatt  hour  is  b  cents 
and  if  the  efficiency  of  producing  heat  from  electrical  energy  is 
u  percent,  the  cost  of  860  kg.-calories  from  100/n  kilowatt  hours 
is  h  n  dollars.  Hence  electrical  heat  will  be  cheaper  than  heat 
produced  by  combustion  of  fuel  if  a  n  is  greater  than  90.7  b  m. 
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If  we  assome  efficiency  figures  which  are  not  unfair  under 
practical  conditions,  namely,  an  efficiency  m  «■  25  percent  for 
fuel  heating  and  an  efficiency  n  «■  75  percent  for  electric 
heating,  then  electric  heat  is  cheaper  than  fuel  heat  if  a  is 
larger  than  30.2  6,  i.  e.,  if  the  cost  of  one  ton  of  coal  in  dollars 
is  more  than  30.2  times  greater  than  the  cost  of  1  kw.-hr.  in 
cents.  For  instance,  to  compete  with  coal  at  $6  per  ton,  the 
electrical  kilowatt-hour  would  have  to  cost  less  than  0.2  cent. 
This  shows  that  were  it  not  for  its  other  important  features,  elec- 
tric heat  could  not  compete  with  fuel  heat  under  ordinary  con- 
ditions. 

If  we  have  an  electric-furnace  process  which  will  work  con- 
tinuously with  full  load  all  year,  then  the  cost  of  the  electric 
horsepower-year  will  be  65.7  6  dollars;  hence,  electric  heat  will 
be  cheaper  than  fuel  heat  if  the  cost  of  one  ton  of  coal  in  dollars 
is  more  than  30.2  ~-  65.7,  or,  say,  one-half  the  cost  of  the  electric 
horsepower-year.  This  is  apparently  a  more  favorable  view  of 
the  situation,  especially  in  neighborhoods  where  fuel  is  expensive 
and  hydro-electric  power  is  really  cheap  (say  below  $10  per 
electric  horsepower-year).  But  unless  absolute  continuity  of  the 
process  is  assured,  it  is  safer  to  base  such  calculations  on  the 
cost  of  the  kilowatt-hour  instead  of  the  horsepower-year. 

The  result  of  this  calculation  is  well  illustrated  by  electro- 
chemical geography.  The  chief  centres  of  electrochemical  activ- 
ity, where  electric  heating  is  employed  at  a  large  rate,  are 
Niagara  Falls  in  this  country,  the  West  Coast  of  Norway,  with 
its  abundant  waterfalls,  and  the  waterfall  districts  of  France. 
That  electrochemical  methods  are  able  to  rearrange  the  indus- 
trial geography  of  the  world  is  illustrated  by  the  example  of 
Norway. 
B.    Classification  of  Electric  Furnaces. 

The  electrical  energy  is  changed  into  heat  either  by  pro- 
ducing an  electric  arc  and  thereby  generating  heat,  or  by  the 
Joulean  effect,  the  electric  energy  being  changed  into  heat  on 
account  of  the  electric  resistance  of  the  path  of  the  current,  the 
rate  of  heat  produced  being  P  B  watts  or  0.24  P  R  gram-calories 
per  second,  if  /  is  amperes  (effective  amperes  in  case  of  alternat- 
ing current)  and  R  is  ohms  (resistance,  not  impedance).  Ac- 
cordingly, electric  furnaces  are  divided  into  arc  furnaces  and 


460  ELECTROMETALLURGY 

resistance  furnaces.  In  a  resistance  furnace,  the  material  in 
which  the  electric  energy  is  changed  into  heat  is  called  the  re- 
sistor. In  many  cases  it  is  difficult  to  say  whether  a  furnace  be- 
longs to  one  or  the  other  class,  since  both  effects  may  be  super- 
posed. 

Arc  furnaces  are  subdivided  into  direct  and  indirect  arc 
furnaces.  In  a  ** direct  arc  furnace"  one  or  several  arcs  play 
between  the  end  or  ends  of  the  electrodes  and  the  charge  (Sie- 
mens, Heroult,  Qirod,  Keller,  Groenwall,  Nathusius,  Rennerfelt, 
de  Laval,  Johnson,  and  others).  In  some  of  these  types  there 
are  also  additional  electrodes  (or  terminals)  provided  in  the 
sides  or  in  the  bottom  of  the  furnace.  In  the  *  *  indirect  arc  fur- 
nace'* arcs  play  between  the  ends  of  the  electrodes  above  the 
charge  and  heat  the  charge  below  by  radiation,  there  being  no 
arcs  between  the  electrodes  and  the  charge  itself  (Stassano). 

Resistance  furnaces  may  be  subdivided  according  to  the 
nature  of  the  resistor,  whether  the  electric  heat  is  produced  in 
the  charge  itself  or  in  a  special  resistor,  in  contact  with  the  charge 
(silicon  furnace  of  Tone)  or  not  in  contact  with  the  charge  (zinc 
furnace  of  FitzGerald  and  Thompson).  Resistance  furnaces  in 
which  the  electric  heat  is  produced  in  the  charge  itself  may  be 
subdivided  according  to  the  method  of  introducing  the  electrical 
energy  into  the  charge,  whether  this  is  done  through  terminals 
or  electrod(\s  (Ilering  and  others)  or  by  electromagnetic  induc- 
tion, as  in  the  induction  furnace  (Colby,  Kjellin,  Gin,  Frick). 
In -the  Roechlin^-Rodenhauser  combination  furnace,  there  is  a 
superposition  of  two  heating  effects,  first,  by  induction  and,  sec- 
ond, bv  an  auxiliary  soeondarv  circuit,  the  ends  of  which  are 
connected  to  metallic  **pole  plates''  embedded  in  the  furnace 
walls. 

Any  of  these  different  types  has  its  special  advantages  and 
disadvantages,  and  the  selection  of  a  furnace  type  depends  to  a 
large  extent  on  the  conditions  of  the  industrial  problem.  Direct 
current  and  alternating  current  may  both  be  used  for  operation 
of  an  electric  furnac(\  but  alternating  current  has  two  very  im- 
portant a(lvantn«res:  first,  electrolytic  effects,  which  are  not  de- 
sired in  pure  ehH'tric-fiiruace  reactions,  are  excluded;  second. 
alternating  current  permits  easier  regulation.  The  induction 
furnace  always  recpiires  alternating  current. 
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C.    Metallurgical  Applications  of  the  Electric  Furnace.^ 

Aside  from  smaller  special  applications  of  the  electric  fur- 
nace, such  as  the  heating  of  bars  and  billets  (Baily),  there  are 
two  chief  applications  of  the  electric  furnace  in  the  metallurgy 
of  different  metals;  first,  for  melting  and  refining;  and  second, 
for  reduction  processes. 

1.  Melting  aftd  Refining.  While  there  appears  to  be  a 
promising  field  for  an  electric  brass  furnace,  the  principal 
application  of  the  electric  furnace  for  melting  and  refining  has 
been  in  the  past  in  connection  with  the  steel  industry,^  in  which 
the  electric  furnace  has  been  developed  in  three  different 
directions : 

(1).  For  the  production  of  high-grade  steels  of  crucible- 
steel  quality,  in  competition  wvith  the  crucible  furnace.  In  this 
field  the  el(»ctric  furnace  is  firmly  established  and  steadily  pro- 
gressing. It  has  the  advantage  of  larger  units  and  smaller  ex- 
penses for  repairs  and  vvagi^s,  while  the  product  of  the  electric 
furnace  is  as  good  as  that  of  the  crucible-steel  process  and  it  is 
not  neccvssary  to  use  as  pure  and  expensive  starting  materials. 
For  steel  refining  in  the  electric  furnace,  the  possibility  of  pro- 
ducing a  higher  temperature  in  the  slag  is  important  (because 
it  permits  the  use  of  more  basic,  yet  still  fluid,  slags),  but  of 
greater  importance  is  the  neutral  or  reducing  atmosphere,  since 
it  permits  chemical  reactions  which  are  impossible  in  oxidizing 
furnaces,  su(*h  as  removal  of  sulphur  as  calcium  sulphide  and 
removal  of  phos[)h()rus  as  y)h()sphide. 

It  seems  only  a  question  of  time  wiien  the  elcH^tric  furnace 
will  obtain  commercial  supremacy  in  the  production  of  high- 
grade  steels.  The  figures  for  11)14  for  Germany  and  AiLstria, 
where  this  evolution  has  pr()})ably  proc(HHl(»d  furthest,  are  sug- 
gestive. The  total  amount  of  crucible  st(u4  and  electric  steel 
produced  in  Germany,  in  1914,  was  1S4.4I]2  tons,  of  which  95.096 
tons,  or  51.6  percent,  was  crucible  steel  and  89,336  tons,  or  48.4 
percent,  electric  steel.  Electric  steel  has,  therefore,  now  reached 
practically  the  same  importance  as  crucible  steel  in  Germany. 
The  total  amount  of  crucible  steel  and  electric  steel  made  in 
Austria-Hungary,  in  1914,  was  37,401  tons,  of  which  19.844 
tons,  or  53.1  percent,  was  electric  steel  and  17,557  tons  or  46.9 
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percent  was  crucible  steel.    That  is,  Austria-Hungary  now  pro- 
duces more  electric  steel  than  crucible  steel. 

(2).  The  electric  refining  of  molten  steel  from  the  Besse- 
mer converter  or  from  the  open-hearth  furnace  for  the  produc- 
tion of  steel  for  large-tonnage  product 
normal  quality  (structural  steels,  steel 
studied  on  a  large  scale  especially  by 
Corporation.  If  successful,  this  would 
tion  of  the  electric  furnace  in  the  stee 
bination  of  the  electric  refining  fumaci 
verter  would  mean  a  revival  of  Beaa 
But  the  electric  refining  cost  is  still  ci 
most  large-tonnage  products,  although  i 
ther  metallurgical  progress  wiU  result 
of  costs.  If  only  the  cost  of  combine< 
furnace  treatment  on  a  large  scale  c 

present  open-hearth  treatment  cost,  it  would  be  a  great  indus- 
trial advance. 

(3).  A  third  application  of  the  electric  steel  furnace  is  in 
the  steel  foundry  for  making  castings,  especially  automobile 
castings.  In  this  field  the  electric  furnace  is  steadily  gaining 
favor  at  present.  (See  the  A.  I.  M.  E.  paper  by  Kranz,  San 
Francisco  meeting,  1915). 

A  great  maiiy  figures  on  specific  energy  consumption  in 
kilowatt- hours  per  ton  of  steel  have  been  published,  but  they 
are  not  easily  comparable,  since  the  specific  energy  consumption 
depends  on  the  size  of  the  furnace,  the  condition  of  the  raw 
material  (especially  whether  liquid  or  cold),  and  the  degree  of 
refining  desired.  The  following  figures  for  Ileroult  furnaces 
will  give,  however,  a  general  idea  of  the  amount  of  energy 
required. 

Size  of  Furnace  and  Bating  Mslten  Stpel  Cold  Scrap 

One-ton  (250  kw.) 400  kw.-hr.  1000  kw,-hr. 

Throe-ton         (+00  kw.) 250  to  300  kw.-hr,         800  kw.-hr. 

Five-tou  (TOO  kw.) 1H0  kw.-hr.  700  kw.-hr. 

Fifteen-ton   (2000  kw.) 150  kw.-hr,  LeasthanlOO 

A  special  application  of  the  electric  melting  furnace  in  the 
steel  industry  is  the  melting  of  ferromanganese,  since  the  addi- 
tion of  molten  instead  of  solid  ferromanganese  to  steel  means  a 
distinct  saving  of  alloy  and  bettor  deoxidation.     (Metallurgical 
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and  Chemical  Engineering,  Volume  12,  page  295 ;  also  the  recent 
German  monograph  by  Rodenhauser  on  this  subject.) 

2.  Reduction  Processes.  If  the  electric  furnace  is  used  for 
the  reduction  of  metals  from  compounds,  the  distinction  from 
the  fuel-heated  reduction  furnace  is  that  electrical  energy  in- 
stead of  fuel  is  used  for  heating  the  furnace  charge,  but  the  same 
amount  of  reducing  agent  (carbon  or  some  other  suitable  ele- 
ment, for  instance,  aluminium)  is  required  in  the  electric  fur- 
nace as  in  the  fuel-heated  furnace,  since  nothing  of  an  essential 
nature  is  changed  in  the  chemical  reaction. 

The  first  metallurgical  application  of  the  electric  furnace  in 
this  field  has  been  in  the  reduction  of  highly  refractory  com- 
pounds requiring  an  unusually  high  treatment  temperature. 
Thus,  for  the  production  of  silicon-copper,  A.  H.  Cowles  treats 
a  mixture  of  copper,  silica,  and  carbon  in  an  electric  furnace, 
reducing  the  silica  by  means  of  carbon  and  obtaining  an  alloy 
of  copper  and  silicon,  which  is  used  in  copper  foundries  for  de- 
oxidizing purposes. 

On  exactly  the  same  principle  is  based  the  production  of 
ferro-alloys  in  the  electric  furnace.  For  making  ferrosilicon, 
the  charge  consists  of  iron,  silica,  and  carbon.  Instead  of  iron, 
iron  oxide  may  be  used  in  the  charge,  but  then  it  is  necessary 
to  use  more  carbon,  and  the  power  consumption  is  also  higher. 
According  to  Keeney,  when  iron  turnings  are  used  in  the  charge, 
the  specific  energy  consumption  of  a  modem  ferrosilicon  furnace 
of  750  kw.  or  more  capacity  is  6000  to  8000  kw.-hr.  per  ton  of 
50  percent  ferrosilicon,  and  about  3500  to  4000  kw.-hr.  for  the 
25  to  30  percent  grade.  Using  iron  ore  instead  of  iron  turn- 
ings, one  company  made  28  percent  ferrosilicon  Mith  a  specific 
energy  consumption  of  5930  kw.-hr.  per  ton. 

The  electric  furnace  is  indispensable  at  present  for  the  pro- 
duction of  rich  grades,  low  in  carbon,  of  various  ferro-alloys, 
especially  ferrochromium,  ferrotungsten,  ferromolybdenum, 
high-percentage  ferrosilicon,  etc.  The  chief  seat  of  this  import- 
ant industry  is  Savoy,  France,  but  plants  making  ferro-alloys 
are  distributed  over  many  countries  where  cheap  hydro-electric 
power  is  available.  The  foundation  of  the  present  ferro-alloy  in- 
dustry resulted  originally  from  an  industrial  crisis  of  the  cal- 
cium carbide  industry  in  Europe,  when  many  electric-furnace 
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plants  for  carbide  manufacture  were  compelled  to  shut  down 
or  make  something  else  instead  of  carbide. 

In  connection  with  ferrosilicon,  the  manufacture  of  metal- 
lic  silicon  by  the  process  of  F.  J.  Tone  must  be  mentioned,  in 
which  the  reaction  SiO  +  2C  =  Si  +  2C0  is  employed.  It  is 
used  not  only  in  the  steel  industry  (in  place  of  ferrosilicon), 
but  metallic  silicon  castings  have  many  applications  in  the  chemi- 
cal industries  on  account  of  their  non-corrosive  qualities.  It  is 
interesting  to  reflect  that  while  silicon  is  one  of  the  most  abun- 
dant elements  on  earth  in  form  of  compounds,  it  has  not  been 
commercially  available  in  elemental  form  until  its  reduction  at 
a  moderate  cost  became  possible  through  the  electric  furnace. 

The  production  of  metallic  tungsten,  molybdenum  and  other 
more  or  less  rare  metals  in  the  electric  furnace  should  be  men- 
tioned in  this  connection,  because  the  use  of  the  electric  furnace 
in  their  case  is  due  to  the  same  technical  and  commercial  reasons 
as  in  the  cases  just  considered. 

The  situation  is  very  different  with  the  reduction  of  iron^ 
in  the  electric  furnace,  which  is  commercially  successful  in  Scan- 
dinavia and  which  has  also  been  tried  on  a  commercial  scale  in 
Heroult,  Shasta  County,  California.  The  best  result  which  has 
been  obtained  in  Scandinavia,  in  actual  operation,  with  respect 
to  specific  energy  consumption  is  5  tons  per  kw.-year.  This 
figure  emphasizes  the  importance  of  very  low  cost  of  electrical 
energy  as  compared  with,  coke.  According  to  Harbord,  when 
electrical  energy  is  available  at  $10  per  electric  horsepower-year 
and  coke  costs  $7  per  ton,  the  cost  of  production  of  pig  iron  in 
the  electric  furnace  is  approximately  the  same  as  the  cost  of 
producing  it  in  a  modern  blast  furnace. 

On  the  other  hand,  the  electric  furnace  has  distinct  advant- 
ages. Ores  can  be  treated  in  it  which  could  not  be  economically 
worked  in  the  past.  Ores  of  high-sulphur  content  can  be  made 
into  pig  iron  containing  only  a  few  thousandths  of  a  percent  of 
sulphur.  Titaniferous  iron  ores  containing  up  to  5  percent  can 
be  successfully  treated.  The  silicon  content  can  be  varied  as 
required  for  the  class  of  pig  to  be  produced.  For  carbon  as 
reducing  agent  it  is  not  necessary  nor  advisable  to  employ  coke, 
since  charcoal  and  i)eat-coke  can  be  satisfactorily  used.  Per- 
haps the  most  promising  feature  of  the  reduction  of  iron  in  the 
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electric  shaft  furnace  is  the  possibility*  of  producing  "pig  steel" 
directly  from  iron  ore.  This  is  a  metal  with  2.2,  or  less,  percent 
of  carbon,  a  very  small  amount  of  silicon  and  manganese,  low  in 
sulphur  and  phosphorus.  It  can  be  refined  to  steel  at  a  con- 
siderably lower  cost  than  ordinary  pig  iron. 

Finally,  zinc^  must  be  mentioned  as  offering  considerable 
possibilities  for  the  application  of  electric  reduction  processes. 
The  advantages  would  be  in  the  reduction  of  operating  cost 
which  would  follow  in  various  directions  from  the  successful 
substitution  of  the  large-size  electric  furnace  for  the  small  pres- 
ent retort,  and  also  in  the  possibility  of  treating  certain  complex 
ores  which  cannot  be  treated  economically  at  present.  Zinc  has 
been  made  commercially  in  .the  electric  furnace  by  the  process  of 
C.  G.  P.  de  Laval.  The  chief  obstacle  in  the  commercial  de- 
velopment of  electric  zinc  smelting  has  been  the  difficulty  of 
condensing  the  zinc  vapor  into  liquid  spelter,  as  almost  all  early 
experimenters  have  been  troubled  with  the  production  of  an 
excessive  amount  of  blue  powder;  but  this  trouble  seems  now 
to  have  been  overcome  to  a  large  extent  (especially  by  W.  McA. 
Johnson,  as  well  as  by  FitzGerald  and  Thompson).  Most  electric 
zinc  furnaces  use  carbon  as  reducing  agent,  the  ore  being  pre- 
viously roasted  and  pre-heated.  The  electric  furnace  reaction 
is  Zn  0  +  C  =  Zn  -|-  CO.  In  the  Imbert  process,  zinc  sulphide 
is  reduced  by  iron  as  reducing  agent,  the  reaction  being  Zn  S  + 
Fe  =  Zn  +  Fe  S. 

ir.     ELECTROLYTIC  PROCESSES. 

A.    Fundamental  Principles. 

The  fundamental  feature  of  electrolytic  processes  produc- 
ing metals  from  their  compounds  is  that  the  electric  current 
directly  decompases  the  compound,  yielding  the  desired  metal 
without  any  other  reducing  agent  being  required.  P^or  instance, 
in  the  producticm  of  copper  from  compounds  foimd  in  nature, 
the  usual  metallurgical  procedure  is  to  change  the  natural  com- 
pound by  roasting  into  oxide  and  reduce  the  oxide  into  metallic 
copper  in  a  fuel-heated  furnace  by  means  of  carbon  as  reducing 
agent.  On  the  other  hand,  the  procedure  in  a  process  using  elec- 
trolysis would  be  to  change  the  natural  copper  compound  into 
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a  water-soluble  compound  (sulphate  or  chloride,  etc),  dissolve 
in  water,  and  electrolyze,  whereby  metallic  copper  is  directly 
deposited  on  the  cathodes. 

The  change  into  a  water-soluble  compound  in  this  procedure 
is  necessary,  because  to  be  decomposed  by  electrolysis  the  com- 
pound must  be  in  the  form  of  an  ** electrolyte"  and  the  two 
classes  of  electrolytes  for  industrial  applications  are,  first,  solu- 
tions (especially  solutions  in  water),  and,  second,  fused  salts. 
(The  electrolysis  of  fused  salts  will  be  discussed  under  Electro- 
lytic-Furnace Processes.)  * 

The  fundamental  law  of  electrolysis  is  Faraday's  law,  which 
gives  the  exact  relation  between  the  weight  of  the  products  of 
electrolysis  and  the  quantity  of  electricitj'  (in  coulombs  or 
ampere-seconds)  passing  during  electrolysis.  In  almost  all  im- 
portant metallurgical  processes  using  electrolysis,  the  desired 
metal  is  deposited  on  the  cathode  out  of  the  metallic  compound 
forming  the  electrolyte,  and  Faraday's  law  may  be  stated  for 
this  case  as  follows : 

If  nothing  but  the  desired  deposition  of  the  desired  metal 
happens  at  the  cathode  (that  is,  no  simultaneous  liberation  of 
hydrogen  gas,  no  simultaneous  deposition  of  other  non-desired 
metals,  nor  any  other  ** secondary"  reaction),  then  if  n  is  the 
valency  of  the  compound  from  which  the  metal  is  deposited,  the 
deposition  of  one  gram-atom  of  the  metal  on  the  cathode  requires 
the  passage  of  96,540  X  ^  coulombs.  •  For  instance,  in  the  case 
of  copper  (atomic  weight  63.6)  the  deposition  of  one  gram-atom 
or  63.6  grams  of  copper  requires  96,540  coulombs  in  case  of  a 
mono-valent  copper  salt  solution  (like  cuprous  chloride),  but 
2  X  96,540  =  193,080  coulombs  in  case  of  a  bi-valent  copper 
salt  solution  (like  cupric  sulphate).  In  the  latter  case  it  will 
make  no  difference  how  the  passage  of  193,080  coulombs  or 
ampere-seconds  takes  place  (whether  193,080  amperes  pass  for 
one  second  or  96,540  coulombs  for  2  seconds  or  64,360  coul- 
ombs for  3  seconds,  etc.),  as  long  as  the  fundamental  assump- 
tion placed  at  the  beginning  of  this  paragraph  is  fulfilled, 
namely,  that  nothing  but  the  desired  deposition  of  copper  from 
the  given  electrolyte  happens  at  the  cathode.  If,  however,  a 
new  reaction,  like  liberation  of  hydrogen,  is  started,  for  instance 
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by  raising  the  voltage,  less  copper  will  be  deposited,  and  the 
amount  of  copper  actually  deposited  in  percent  of  the  theoretical 
amount  following  from  Faraday's  law  is  called  the  ** ampere- 
hour  efSciency''  of  the  process. 

The  metal  deposited  on  the  cathode  is  the  cation.  What 
happens  simultaneously  at  the  anode  depends  on  the  nature  of 
the  anion,  and  the  latter  also  determines,  to  a  certain  extent,  the 
valency. 

Typical  mono-valent  anions  are  CI,  Fl,  OH,  ClOg,  etc. 
Typical  bi-valent  anions  are  SO4,  SiOg,  CO3,  C2O4,  Cr04,  etc. 

Of  cations,  hydrogen,  sodium,  potassium,  lithium,  and  silver 
are  mono-valent;  zinc,  barium,  calcium,  cadmium,  cobalt,  mag- 
nesium, and  4ead  in  usual  or  plumbic  salts  are  bi-valent.  Cop- 
per is  mono-valent  in  cuprous  compounds  and  bi-valent  in  cupric 
compounds.  Mercury  is  mono-valent  in  mercurous  salts  and  bi- 
valent in  mercuric  salts.  Iron  is  bi-valent  in  ferrous  salts  and 
tri-valent  in  ferric  salts.  Manganese  is  bi-valent  in  manganous 
salts  and  tri-valent  in  manganic  salts.  Nickel  is  bi-valent  in 
nickelous  salts  and  tri-valent  in  nickelic  salts.  Tin  is  bi-valent 
in  stannous  salts  and  tetra-valent  in  stannic  salts,  etc. 

The  cost  of  the  electrical  energy  consumed  in  an  electroljrtic 
process  depends  directly  on  the  watt-hours  consumed,  but  the 
weight  of  metal  deposited  depends  on  the  ampere-hours.  Hence, 
as  watt-hours  =  volts  X  ampere-hours,  the  old  saying  is  that  in 
an  electrolytic  process  amperes  bring  money  and  volts  cost 
money. 

While  the  voltage  should,  therefore,  be  reduced  as  much  as 
possible,  there  is  for  every  electrolytic  reaction  a  minimum 
voltage  below  which  it  is  impossible  to  go  if  the  reaction  is  to 
proceed.  In  the  case  of  any  electrolytic  cell  through  which  an 
electric  current  is  passed  from  the  outside,  the  equation  of  the 
principle  of  conservation  of  energy  states  that  the  electrical 
energy  is  partly  changed  into  Joulean  heat,  PR  X  time,  due  to 
the  internal  resistance  E  of  the  cell,  and  partly  into  the  chemical 
energy,  required  for  the  chemical  process  in  the  cell.  The  equiv- 
alent voltage  equation  states  that  the  voltage  impressed  upon  the 
terminals  of  an  electrolytic  cell  is  the  sum  of  the  voltage  drop  I  B 
(due  to  the  internal  resistance  R  of  the  cell)  and  the  e.m.f .  of  the 
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reaction  proper.  The  voltage  drop  7 1^  is  a  plain  loss*  and  should 
be  made  as  small  as  practicable.  The  e.m.f .  proper  of  the  chem- 
ical reaction  in  the  cell  is  given  exactly  by  the  Gibbs-Helmholtz 
equation 

Iff  T'y7 

€  =  0.0000434  —  4-  -jlS- 

n         (il 

where  e  is  the  e.m.f.  in  volts,  required  to  be  impressed  on  the 
terminals  of  the  cell  for  the  electrometallurgical  process  to  go  on, 
W  the  total  energy  of  reaction  in  gram-calories  per  gram-atom 
of  metal  deposited  (W  being  figured  a*s  positive,  if  energy  must 
be  supplied  from  the  outside  for  the  reaction  to  go  on)  n  the 
valency  of  the  deposited  metal  in  the  electrolyte,  T  the  temper- 
ature in  absolute  degrees  and  -.-ji  the  temperature  coefficient  of 

the  e.m.f.  at  the  temperature  T. 

For  most  practical  purposes  it  is  permissible  to  neglect  the 
second  item  on  the  right  hand  of  our  last  equation.  AVe  have 
then  simply  Thomson 's  rule : 

6  =  0.0000434-'- 

n 

B.    Classification  of  Electrolytic  Processes. 

Energy  considerations  of  this  kind  are  the  basis  of  the  old 
and  important  classification  of  electrolytic  processes  into  such 
with  soluble  and  insoluble  anodes.  In  the  most  important  proc- 
esses using  soluble  anodes  (electrolytic  refining,  electroplating, 
etc.),  practically  the  same  weight  of  metal  is  dissolved  from  the 
anode  as  is  deposited  on  the  cathode,  so  that  the  energy  set  free 
by  anodic  solution  and  the  energy  eonsiuned  by  cathodic  deposi- 
tion balance  each  other  and  the  total  reaction  energy  is  zero, 
hence  the  e.m.f.  proper  is  also  zero.  Therefore,  in  electrolytic 
refilling  and  electroplating,  tho  voltage  impressed  is  practically 
wholly  consumed  bv  the  internal  resistance. 

On  the  other  hand,  in  processes  using  non-soluble  anodes, 
th(»  reaction  iMiergies  at   the  anode  and  at  the  cathode  do  no 

*  Wo  deal  in  this  chapter  only  with  straight  olootrolytic  proeesst»s  in 
whicli  tho  electric  current  is  not  intenti(nially  used  for  electric  heating.  If 
in  such  processes  it  is  (h'sired  to  heat  the  electrolyte  to  a  higher  tempera- 
ture, as.  for  instance,  in  electrolytic  cop])er  refining,  some  method  of  fuel- 
heat  iiig  is  eni}»loyed,  being  more  economical.  The  processes  requiring  in- 
ternal electric  heating  will  be  treatiMl  sei)arately  in  chapter  III  under  Elec- 
trolytic Furnaces. 
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longer  balance  each  other,  hence  the  total  reaction  energy  and 
the  e.m.f .  of  the  reaction  are  not  zero,  but  can  be  calculated  from 
thermo-chemical  data.  For  instance,  in  the  old  Sieraens-Halske 
process  for  winning  copper  from  sulphate  solutions,  the  final 
step  is  cathodic  deposition  of  the  copper  from  copper  sulphate 
solution,  with  simultaneous  oxidation  of  ferrous  sulphate  to 
ferric  sulphate  at  an  inert  carbon  anode: 

Cu  SO,  +  2  Fe  SO,  =  Cu-\-  Fe^  (SO,)  «. 

To  find  the  energy  of  reaction,  we  have  the  following  data 
(Richards,  ** Metallurgical  Calculations'',  vol.  I,  pp.  24  and  25)  : 

Cu  -\-  S  -\-4  0==CuS0,-{-  197,500 

2Fe  ^2S-^H0^2Fe  SO,  +  469,800 

2Fe-{-SS-{-l2  0  =  Fe^  (SO,)  ,  +  650,500 

By  sukstracting  the  sum  of  the  first  two  equations  from  the 
third  equation  we  get 

Cu  SO,  4-  2  Fe  SO,  =  Cu  +  Fe.  (SO,)  ,  —  16,800. 

Hence  in  order  to  let  this  reaction  go  on  from  the  left  to 
the  right  hand  in  the  equation,  if  each  symbol  of  an  element 
means  a  gram-atom,  energy  in  the  amount  of  16,800  gram- 
calories  must  be  furnished.  Therefore,  in  the  formula  of  Thom- 
son 's  rule 

W 

e  =  0.0000434  -  - 

n 

we  have  W  ^  -f"  16,800  and  n  =  2,  because  Cu  is  bi-valent  in 
Cu  SO4,  hence 

c  ^r=  0.36  volt. 

This  is  the  theoretical  e.m.f.  of  the  reaction.  The  total 
voltage  which  iiuist  be  impressed  on  the  terminals  of  the  cell 
equals  0.36  volt  plus  the  voltage  recjuired  to  overcome  the  resist- 
ance of  the  cell. 

G.    Metallurgical  Application  of  Electrolytic  Processes.^ 

1.  Electrolysis  with  Soluble  Anodes — Electrolytic  Refin- 
ing of  Metals.  The  distinct  ion  between  processes  with  soluble 
and  insoluble  anodc^s  may  bo  expressi^l  in  a  somewhat  different 
way.  Electrolytic  processes  witli  soluble  anodc^s  n^presc^nt  a  fin- 
ishing reaction.  The  metal  under  tn^atmt^nt  must  already  have 
been  bronglit  into  a  rather  hie:]!  state  of  x)urity.  The  power 
consumption  is  then  relatively  low  and  the  danger  of  the  solu- 
tions becoming  f(mled  by  accumulation  of  impurities  is  reduced; 
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for  it  is  a  fundamental  principle  of  any  electrolytic  operation 
that  the  conditions  of  the  system  shall  remain  unchanged  during 
operation. 

Electroplating^  and  electrotyping®  are  somewhat  outside  of 
the  scope  of  what  is  now  understood  to  be  the  field  of  electro- 
metallurgy. The  discussion  in  this  chapter  is  therefore  restricted 
to  the  electrolytic  refining  of  metals. 

In  the  electrolytic  refining  of  metals,  the  starting  material 
is  a  highly  concentrated  alloy,  and  the  object  is  to  remove  the 
last  impurities  and  to  recover  not  only  the  principal  metal  in 
pure  form,  but  also  the  foreign  metals,  especially  the  precious 
metals.  The  impure  metal  (alloy)  is  made  the  anode,  and  the 
fundamental  principle  of  the  process  is  that  by  the  electrolytic 
action  the  metal  to  be  refined  is  dissolved  from  the  anode,  passes 
into  the  electrolyte,  and  is  deposited  from  the  electrolyte  on  to 
the  cathode  in  pure  form.  The  foreign  elements  (impurities)  are 
intended  to  remain  back  in  the  anode  or  in  the  anode  slime  with- 
out being  dissolved,  or  if  they  are  dissolved  in  the  electrolyte, 
they  are  intended  to  remain  in  solution  without  being  deposited 
on  the  cathode,  on  the  principle  that  their  deposition  would  re- 
quire a  higher  minimum  voltage  than  the  voltage  which  is  used 
in  the  process  and  which  is  sufficient  for  the  deposition  of  the 
metal  which  is  being  refined.  Since  there  are  usually  quite  a 
number  of  different  elements  present  as  impurities,  the  appar- 
ently so  simple  process  of  electrolytic  refining  of  metals  becomes 
exceedingly  complicated,  especially  in  view  of  the  additional 
separate  problems  of  separating  and  winning  the  precious  metals 
from  the  anode  slime  or  from  the  solution.  On  the  degree  to 
which  these  different  problems  can  be  solved,  depends  the  indus- 
trial success  of  the  refining  process. 

Copper  Beflning. — This  most  important  of  all  electrolytic 
refining  processes  is  being  treated  in  detail  in  two  papers  before 
this  Congress,  by  Lawrence  Addicks  and  A.  C.  Clark,  respec- 
tively, so  that  we  need  not  deal  with  it  at  this  place. 

Silver  Refining. — The  principal  commercial  problem  of  sil- 
ver refining  relates  to  the  treatment  of  the  bullion  produced  by 
copper  refineries,  to  recover  the  silver  and  gold.  This  bullion 
may  be  treated  either  with  the  old  sulphuric  acid  parting  proc- 
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ess  or  electrolytically  by  the  use  of  one  of  the  methods  of  Bal- 
bach,  Moebius,  and  Thum.  In  the  electrolytic  methods  the  elec- 
trolyte is  a  silver-nitrate  solution*. 

Gold  Beflning. — The  Wohlwill  process"  of  gold  refining, 
with  recovery  of  platinum  and  palladium,  employs  a  gold-chloride 
solution  with  hydrochloric  acid  at  a  temperature  of  65  to  70 
degrees  C.  A  slight  modification  of  the  Wohlwill  process  (55 
deg.  C,  purer  anodes,  and  lower  current  density)  is  in  use  in  the 
United  States  Mints. 

The  applicability  of  the  Wohlwill  process  to  alloys  richer 
in  silver  has  been  rendered  possible  by  the  employment  of  a 
pulsating  current  (obtained  by  superposing  an  alternating 
current  on  a  direct  current)  instead  of  a  pure  direct  current^^. 

At  the  United  States  Mints  the  bullion  to  be  parted  and 
refined  is  divided  into  two  classes  by  selection  and  blending. 
The  first  class  is  largely  gold  and  is  treated  as  stated  above.  The 
second  class  contains  largely  silver,  the  anodes  being  composed 
of  300  parts  of  gold  per  1000  total,  and  700  parts  of  silver,  cop- 
per, etc. ;  the  electrolyte  is  a  3  percent  solution  of  silver  nitrate 
with  1.5  percent  free  nitric  acid.  A  very  small  amount  of  gelatine 
is  added  to  obtain  the  silver  deposit  in  coherent  form". 

Lead  Refining. — The  Belts  process'^  employs  a  solution  of 
lead-fluosilicate,  containing  an  excess  of  fluosilicic  acid  (5  to  7 
percent  Pb  and  12  to  15  percent  Si  F^)  with  a  very  small  addition 
of  gelatine  or  glue,  depositing  lead  in  dense  coherent  form  and 
free  from  bismuth.  The  voltage  per  tank  is  0.35  to  0.4,  including 
losses;  the  temperature  30  degrees  C. ;  the  energy  consumption 
from  dYo  to  6  horsepower-days  per  ton  of  lead. 

Nickel  Refining. — Either  a  chloride  or  sulphate  electrolyte 
may  be  employed.  F.  Foerster  recommends  a  temperature  of 
60  to  70  deg.  C,  good  circulation  and  a  current  density  of  0.01 
to  0.02  ampere  per  sq.  cm.,  with  a  solution  containing  about  30 
grams  nickel  (=  145  j^rams  NiS04,  7  HgO  or  121  grams  NiClj 
GHgO)  or  more  per  liter.  The  nickel  deposit  is  of  such  density 
and  tenacity  that  it  may  be  rolled  immediately  into  form  of  sheets. 
D.  H.  Browne^*  obtained  good  coherent  deposits  from  a  neutral 
solution  containing  70  grams  NiClj,  180  NaCl  per  liter,  heated 
to  50  to  75  deg.  C,  with  a  current  density  of  100  to  200  amp.  per 
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sq.  m.  with  efficient  circulation  of  electrolyte.  From  sulphate 
solutions,  thick  cathodes  may  be  deposited,  with  a  solution  of 
neutral  nickel  sulphate  or  nickel-ammonium  sulphate,  kept  at 
about  50  deg.  C.  with  efficient  circulation  and  a  current  density 
of  50  to  300  amp.  per  sq.  m. 

Zinc  Befining.^'^ — In  the  Hoepfner  process,  which  is  in  use 
in  a  plant  in  England,  a  zinc  chloride  solution  is  subjected  to 
electrolysis^®.  The  latest  advance^^  of  the  Siemens  &  Halske  Co. 
in  this  field  is  the  use  of  manganese-peroxide  anodes.  The  power 
consumption  is  3.4  kw-hr.  per  kilogram  of  zinc. 

Iron  Refining. — The  Burgess  process^^  of  producing  97  to 
99  percent  pure  iron,  free  from  carbon  (the  chief  impurity  being 
hydrogen),  employs  a  solution  of  ferrous  and  ammonium  sul- 
phates with  a  cathodic  current  density  of  6  to  10  amperes  per  sq. 
ft.  and  a  slightly  smaller  anodic  current  density.  The  e.m.f.  for 
each  cell  is  slightly  below  1  volt ;  the  temperature  of  the  electro- 
lyte is  30  deg.  C. ;  the  anodes  consist  of  ordinary  grades  of 
wrought  iron  and  steel.  Iron,  refined  by  the  Burgess  process^ 
has  served  as  the  starting  material  in  extended  researches  on  the 
properties  of  iron  alloys  free  from  carbon.  Pure  iron  of  this 
kind  is  very  hard. 

Tin  Befining. — Claus^®  electrolyzes  raw  tin  (containing  at 
least  90  percent  tin)  in  a  10  percent  sodium  sulphide  solution 
at  a  temperature  of  more  than  80  deg.  C,  with  a  current  density 
of  0.5  amp.  per  sq.  cm.  at  a  voltage  at  the  electrodes  below  0.2 
volt.  The  electrolyte  is  not  circulated.  Before  introducing  new 
tin  anodes  into  the  coll,  it  is  necessary  to  dissolve  in  the  electro- 
lyte about  1  percent  of  its  weight  of  sulphur,  preferably  in  form 
of  flowers  of  sulphur. 

Bismuth  Befining.^^ — Anodes  containing  over  90  percent 
Bi,  besides  lead,  silver,  etc.,  are  refined  in  a  cell  similar  to  that 
used  in  the  Balbach  silver  refining  process,  with  an  electrohi;e 
containing  free  hydrochloric  acid  (7  percent  Bi  and  9  to  10 
percent  HCl).  The  cathodic  current  density  is  20  amp.  per  sq. 
ft.,  the  anodic  current  density  is  three  times  this  amount;  the 
voltage  at  the  electrodes  is  1.2.  Silver  and  gold  remain  at  the 
anode,  but  traces  of  silver  pass  into  the  bismuth  deposit.  The 
product  is  99.8  percent  pure,  the  chief  impurity  being  silver. 
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Oadmitun  Seflning.^^ — A  cadmium  sulphate  solution  con- 
taining free  acid  is  electrolyzed  with  a  current  density  of  0.005 
to  0.05  amp.  per  sq.  cm. 

2.  Electrolysis  with  Insoluble  Anodes.  While  in  processes 
with  soluble  anodes  the  metal  to  be  won  or  purified  is  at  the  start 
in  the  anode,  it  is  in  the  electrolyte  in  processes  using  insoluble 
anodes;  therefore,  in  most  cases  the  electrolytic  process  is  pre- 
ceded by  a  leaching  process  which  brings  the  metal  into  solution. 

Oold. — The  classical  example  of  such  a  process  is  the  Sie- 
mens &  Halske  process  of  electrolytic  precipitation  of  gold  from 
cyanide  solutions  which  was  in  successful  commercial  use  for 
years  in  South  Africa,  but  was  replaced  in  the  end  by  zinc  pre- 
cipitation. For  a  full  account^^  see  the  paper  by  Clevenger 
before  the  American  Electrochemical  Society,  San  Francisco 
meeting,  September,  1915. 

Copper. — The  first  attempts  of  using  electrolysis  with  in- 
soluble anodes  on  a  large  scale  were,  however,  made  with  copper 
ores,  in  the  processes  of  Siemens  &  Halske  and  of  Hoepfner,  a 
sulphate  solution  being  used  in  the  former,  a  chloride  solution 
(doubling  the  weight  of  the  deposit  per  ampere-hour)  in  the 
latter.  These  experiments  were  extended  to  other  metals,  espec- 
ially nickel  and  zinc,  but  all  these  early  experiments  failed,  and 
the  result  was  that  the  hydrometallurgy  of  copper  was  regarded 
somewhat  with  suspicion,  until  during  the  last  few  years  the 
tables  have  been  turned  and  new  experiments  on  the  leaching  of 
low-grade  copper  ores  and  tailings  have  set  in,  which  in  several 
cases  have  led  to  the  erection  of  commercial  plants.  These  va- 
rious processes  differ  in  the  method  employed  for  precipitation, 
since,  besides  electrolytic  precipitation,  hydrogen  sulphide  and 
pig  iron  have  been  used  as  precipitating  agents.  In  recent 
time  electrolytic  precipitation  has  found  more  and  more  favor. 
This  brief  note  must  suffice  here,  since  copper  leaching  is  the 
subject  of  a  separate  paper  by  W.  L.  Austin  before  this  Con- 
gress^^. 

III.     ELECTROLYTIC-FURNACE  PROCESSES. 

In  electrolytic  furnace  processes  both  the  heating  effect  and 
the  electrolytic  decomposition  effect  of  the  electric  current  are 
utilized.  For  heating,  either  direct  current  or  alternating  current 
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may  be  utilized;  for  electrolytic  decomposition,  direct  current 
must  be  used.  Hence  in  electrolytic-furnace  processes  either 
direct  current  or  pulsating  current  (a  superposition  of  direct 
and  alternating  current)  must  be  employed. 

As  the  fundamental  principles  of  the  heating  effect  of  the 
electric  current  and  of  electrolytic  decomposition  have  been 
fully  discussed  in  the  preceding  chapters,  and  are  valid  with- 
out modification  for  electrolytic  furnaces,  it  will  be  sufficient  to 
review  the  different  metals  produced  by  electrolytic  furnace 
processes. 

Aluminium.2* — In  the  processes  of  Hall  and  Heroult  the 
electrolyte  is  a  fused  solution  of  alumina  (as  solute)  in  the  double 
fluoride  of  aluminium  and  sodium  (as  solvent).  Carbon  anodes 
are  used,  while  the  melted  aluminium  metal  in  the  bottom  of  the 
pot  forms  the  cathode.  The  temperature  is  900  deg.  C.  The 
alumina  is  decomposed  by  the  current  and  fresh  alumina  is 
added  at  intervals  to  the  bath.  According  to  J.  W.  Richards, 
the  production  of  1  kg.  of  aluminium  requires  22  kw-hr.  As  to 
the  industrial  uses  of  aluminium,  see  the  paper  by  J.  W.  Rich- 
ards, before  this  Congress. 

It  is  hardly  to  be  expected  that  great  improvements  will  be 
made  in  the  electrolytic  process  itself,  but  cheaper  methods  may 
be  found  for  providing  the  starting  material,  pure  alumina.  A 
promising  possibility  is  the  Serpek  process^*^  which  is  being  tried 
on  a  large  experimental  scale  in  France.  Its  principle  is,  first, 
the  production  of  aluminium  nitride,  AIN,  from  impure  alumina 
and  carbon  in  an  electrically  heated  kiln  in  an  atmosphere  of 
nitrogen  or  producer  gas  at  a  temperature  between  1600  and 
2000  deg.  C.  This  is  followed  by  the  decomposition  of  the  alum- 
inium nitride  by  water  or  caustic  soda  solution,  thereby  liberat- 
ing the  nitrogen  as  ammonia  and  producing  an  alkaline  alumi- 
nate  solution  from  which  pure  alumina  can  be  obtained.  • 

Sodium. — The  classical  process  for  making  metallic  sodium 
on  a  large  scale  is  that  of  Castner,  in  which  a  fused  Na  0  H  elec- 
trolyte is  used  at  a  temperature  not  more  than  10  or  15  deg.  C. 
above  the  melting  point  (which  is  at  308  deg.  C).  A  gauge  or 
screen  is  provided  between  the  electrode  and  a  superposed  dome 
for  collecting  the  metallic  sodium.    The  principal  object  in  the 
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development  of  new  sodium  processes  has  been  to  use  the  cheaper 
sodium  chloride  instead  of  sodium  hydroxide^  as  starting  ma- 
terial**. 

Magnesium. — Magnesium*'  is  produced  by  electrolysis  from 
a  fused  dehydrated  bath  of  camalite,  i.  e.,  a  double  chloride  of 
potassium  and  magnesium,  or  from  a  fused  bath  of  magnesium 
chloride. 

OalciunL — Metallic  calcium**  is  made  by  a  process  of  the 
Allgem.  Elek.  Ges.  by  electrolysis  of  fused  calcium  chloride,  the 
cathode  being  continually  and  slowly  raised  during  electrolysis, 
so  that  its  end  always  just  touches  the  surface  of  the  bath. 

Cerium. — Cerium*®  is  made  electrolytically  from  the  resi- 
due of  the  Welsbach  gas  mantle  factories,  by  a  process  of  Auer 
von  Welsbach.    Cerium-iron  is  a  pyrophoric  alloy. 

Zinc. — ^A  great  many  attempts  have  been  made  to  treat 
complex  sulphide  ores  which  contain  zinc,  with  chlorine,  produc- 
ing zinc  chloride,  separating  it  from  the  other  chlorides  and  elec- 
trolyzing,  but  commercial  success  has  not  yet  been  attained*®. 
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APPENDIX. 

*  A  useful  summarj  of  the  status  of  *  *  the  electric  furnace  in  metal- 
lurgical work*'  is  given  by  D.  A.  Lyon,  R.  M.  Keeney,  and  J.  F.  CuUen  in 
Bulletin  77  of  the  Bureau  of  Mines,  with  very  full  references  to  original 
articles  published  in  periodical  literature.  A  good  general  book  on  electric 
furnace  construction  and  applications  is  Stansfield's  ''The  Electric  Fur- 
nace". Also  different  chapters  of  Askenasy's  ' '  Einf iihrung  in  die  tech- 
nische  Electrochemie ' '  and  in  Allmand's  ''Principles  of  Applied  Electro- 
chemistry'' (a  very  good  all-around  book)  should  be  consulted. 

'Rodenhauser  and  Schoenawa,  "Elektrische  Oefen  in  der  Eisenin- 
dustrie";  Lyon  and  Keeney,  "Electric  Furnaces  for  Making  Iron  and 
Steel",  Bulletin  67,  U.  S.  Bureau  of  Mines;  Helf enstein 's  chapter  in 
Askenasy,  "Einfiihrung  in  die  Technische  Elektrochemie ".  The  most  im- 
portant publication  on  the  early  work  in  the  electrometallurgy  of  iron  and 
steel  is  Haanel's  first  Canadian  Government  report  (1904).  A  very  good 
review  of  the  situations  in  1909  may  be  found  in  the  symposium  of  papers 
on  the  electrometallurgy  of  iron  and  steel  in  Transactions  American  Electro- 
chemical Society,  vol.  XV. 

'The  most  important  early  literature  on  the  subject  comprises 
E.  HcuinePs  second  and  third  Canadian  Government  reports;  also  papers 
by  Haanel,  Bennie,  Lyon,  Bichards  in  Trans.  Am.  Electrochem.  Soc,  vol.  XV. 
Concerning  later  developments  in  Scandinavia  and  California,  see  the 
numerous  articles  in  Metallurgical  and  Chemical  Engineering. 

^Pointed  out  by  J.  W.  Richards  (Metallurgical  and  Chemical  Engi- 
neering, vol.  X,  pp.  397  and  539). 

"  Besides  the  extensive  literature  in  technical  periodicals  (especially 
Engineering  and  Mining  Journal,  Electrochemical  and  Metallurgical  Indus- 
try, Metallurgical  and  Chemical  Engineering)  see  chapter  12  in  Stansfield's 
"Electric  Furnace". 

•A  standard  work  on  the  theory  and  practice  of  the  electrolysis  of 
aqueous  solutions  is  Foerster's  "  Elektrochemie  wasseriger  Losungen" 
(second  edition,  only  available  in  German).  The  relative  chapters  in  AU- 
mand's  "Applied  Electrochemistry"  and  in  other  general  books  on  electro- 
chemistry like  those  of  Hopkins,  McMillan  and  Cooper,  Perkin,  and  M.  deKay 
Thompson  should  also  be  consulted. 

'  A  very  useful  and  comprehensive  set  of  papers,  summarizing  all  the 
different  solutions  proposed  and  used  for  plating  with  gold,  silver,  cobalt, 
nickel,  lead,  tin,  copper,  brass,  and  bronze  may  be  found  in  vol.  XXIII  of 
the  Transactions  of  the  American  Electrochemical  Society. 

*As  engineering  applications  of  the  principle  of  electrotyping  should, 
however,  be  mentioned  the  Elmore  process  of  producing  seamless  copper 
tubes  and   the  Cowper-Coles   process   for   producing  pure  iron   sheets  and 
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tubes  (see  Palmaer  and  Brinell,  Metall.  and  Cliem.  Eng'ing.,  Vol.  XI, 
p.  197).  Besides  bringing  the  metal  by  electroljtic  deposition  into  the 
desired  form,  both  processes  also  involve  the  principle  of  electrolytic  refining. 

*For  a  description  and  critical  comparison  of  the  different  methods 
see  EasterbrookSy  Transact.  Amer.  Electrochem.  Soc,  vol.  YIII,  p.  125; 
Electrochem.  and  Met.  Ind.,  vol.  VI,  p.  277;  Kern,  Met.  and  Chem.  Eng., 
vol.  IX,  p.  443. 

'•Wohlwill,  Electrochem.  Ind.,  vol.  II,  pp.  221  and  261,  vol.  VI,  p. 
450;  Tuttle,  Electrochem.  Ind.,  vol.  I,  p.  157;  voL  VI,  pp.  355  and  408; 
Kern,  Met.  and  Chem.  Englng,  vol.  IX,  p.  446. 

"Met.  and  Chem.  Eng'ing,  vol.  VIII,  p.  82. 

"Tuttle,  Electrochem.  and  Met.  Ind.,  vol.  IV,  p.  306. 

"  See  Betts '  book  on  *  *  Lead  Refining  by  Electrolysis ' '. 

**  Electrochem.  Ind.,  vol.  I,  p.  348. 

"  See  Giinther  's  German  monograph,  ' '  Darstellung  des  Zinks  auf  elek- 
trolytischem  Wege'\ 

^  Concerning  the  few  details  of  operation  which  are  known,  see 
W.  Koehler,  Electrochem.  Ind.,  voL  I,  pp.  540,  568,  and  Allmand  's  *  *  Applied 
Electrochemistry",  p.  286. 

^^  Engelhardt,  Met.  and  Chem.  Eng'ing,  vol.  XI,  p.  43. 

"Burgess,  Electrochem.  Ind.,  vol.  II,  p.  183;  Kern,  Trans.  Am.  Elec- 
trochem. Soc.,  vol.  XIII;  also  Foerster,  Mustad  and  Lee,  Abhandlungen 
Bunsen  Gesellsch.,  vol.  2,  p.  34;  Pfaff,  Zeit.  f.  Elektrochemie,  vol.  16,  p.  217. 

"Steiner,  Electrochem.  and  Met.  Ind.,  vol.  V,  p.  309. 

*  Mohn,  Electrochem.  and  Met.  Ind.,  vol.  V,  p.  314. 

"  Mylius  and  Funk,  Zeit.  f.  anorgan.  Chem.,  vol.  13,  p.  157. 

"  Concerning  the  unsuccessful  attempt  of  Clancy  to  develop  a  cyan- 
amide  process,  combined  with  electrolysis,  as  a  substitute  for  the  cyanide 
process,  see  Met.  and  Chem.  Eng'ing,  vol.  VIII,  pp.  608,  623;  vol.  IX,  pp.  21, 
336.  Electrolytic  amalgamation  has  been  experimented  with  repeatedly,  but 
is  not  in  use  on  a  large  scale  at  present;  the  principle  is  to  make  the  mer- 
cury in  the  ordinary  amalgamation  process  cathode  in  an  electrolytic  cell. 
See  Carey,  Met.  and  Chem.  Eng'ing,  vol.  VIII,  p.  438,  Trans.  Am.  Electro- 
chem. Soc,  vol.  XIX,  p.  127. 

"Concerning  the  early  work  of  Hoepfner,  see  Koehler,  Electrochem. 
Ind.,  vol.  I,  pp.  540,  568.  Concerning  the  Siemens  and  Halske  process,  see 
Electrochem.  Ind.,  vol.  II,  p.  225.  Concerning  the  process  of  D.  H.  Browne, 
for  the  separation  of  copper  and  nickel,  which  was  in  successful  commercial 
use  for  a  number  of  years  in  Cleveland,  Ohio,  see  Haber,  Electrochem.  Ind., 
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vol.  I,  p.  381.  Concerning  electrolytic  processes  in  zinc  metallurgy  see 
W.  McA.  Johnson,  Electroehem.  and  Met.  Ind.,  vol.  V,  p.  83;  also  Transact. 
Amer.  Electroehem.  Soc,  vol.  II,  and  J.  W.  Bichards,  Transact.  Amer.  Elec- 
troehem. Soc,  vol.  XXV;  also  Giinther's  Darstellung  des  Zinks  anf  Elek- 
troljtischem  Wege. 

^ J.  W.  Bichards'  "Aluminium"  is  the  standard  book  on  this  metal; 
concerning  the  theory  of  the  process,  a  different  view  is  defended  in  the 
book  by  Minet,  translated  by  L.  Waldo. 

"Tucker  and  Bead,  Trans.  Am.  Electroehem.  Soc,  vol.  XXII,  p.  57; 
Bichards,  Met.  and  Chem.  Eng'ing,  vol.  XI,  pp.  137  and  281;  Tucker,  Met. 
and  Chem.  Eng'ing,  vol.  XI,  p.  139;  Fraenkel,  Zeit.  f.  Elektrochem,  vol. 
XIX,  p.  362. 

''A  good  summary  of  various  sodium  processes  is  given  by  C.  F. 
Carrier,  Jr.,  in  Electroehem.  and  Met.  Ind.,  voL  IV,  pp.  442,  475;  also  Met. 
and  Chem.  Eng^ng,  vol.  VIII,  p.  253.  Concerning  the  process  of  Seward 
and  Kiigelgen  see  Electroehem.  and  Met.  Ind.,  vol.  V,  pp.  56,  238,  470;  con- 
cerning the  process  of  Ashcroft,  see  Electroehem.  and  Met.  Ind.,  vol.  IV, 
p.  218. 

"  Tucker  and  Jouard,  Trans.  Amer.  Electroehem.  Soc,  vol.  XVII, 
p.  249.  Frary  and  Herman,  Met.  and  Chem.  Eng'ing,  vol.  XIII,  p.  324. 
Concerning  the  process  of  Seward  and  Kiigelgen,  see  Electroehem.  and  Met. 
Ind.,  vol.  V,  p.  470;  vol.  VI,  pp.  160,  465;  vol.  VII,  p.  495. 

"J.  H.  Goodwin,  Electroehem.  and  Met.  Ind.,  vol.  Ill,  p.  80;  Frary, 
Trans.  Am.  Electroehem.  Soc,  vol.  XVIII,  p.  117;  Seward  and  Kiigelgen, 
Electroehem.  and  Met.  Ind.,  vol.  VI,  p.  160. 

*  Hirsch,  Transact.  Am.  Electroehem.  Soc,  vol.  XX,  p.  57. 

"  Concerning  the  Swinburne- Ashcroft  process,  see  Electroehem.  Ind., 
vol  I,  p.  412;  vol.  II,  p.  404;  vol.  IV,  pp.  91,  143,  178,  357.  Concerning  the 
Baker-Burwell  process,  Electroehem.  and  Met.  Ind.,  vol.  V,  p.  448;  Met.  and 
Chem.  EngUng,  vol.  VIII,  p.  690.  Concerning  the  Malm  process,  Met.  and 
Chem.  Eng'ing,  vol.  XII,  p.  128.  A  standard  work  on  electrolysis  of 
fused  salts  in  general  is  Lorenz'  ' '  Elektrolyse  geschmolzener  salze'% 
3  vols. 
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It 


The  field  of  Metallography  during  the  last  fifteen  years 
has  broadened  from  a  study  of  the  structure  of  metals  and 
alloys,  together  with  the  thermal  diagram,  so  that  it  now  em- 
braces the  structure  and  constitution  of  metals  and  alloys  and 
their  relation  to  the  physical  and  chemical  properties. 

We  now  possess  several  excellent  texts,  such  as  Desch's 
Metallography*',  Gulliver's  ** Metallic  Alloys",  Guertler's 
Metallographie",  and  Rosenhain's  **  Introduction  to  Physical 
Metallurgy".  The  ** Internationale  Zeitschrift  fUr  Metallo- 
graphie",  edited  by  Guertler  (Bomtraeger,  Leipzig)  is  now  in 
its  seventh  volume,  while  the  **  Journal  of  the  Institute  of 
Metals"  (London),  in  its  twelfth  volume  in  1914,  devotes  much 
of  its  space  to  the  science.  The  abstracts  of  these  two  journals 
cover  the  whole  field  of  non-ferrous  work,  the  former  embrac- 
ing also  the  ferrous  side,  which  is  also  dealt  with  in  the  ab- 
stracts of  the  * 'Journal  of  the  Iron  and  Steel  Institute"  (Lon- 
don). The  list  of  books  and  periodicals  given  later  is  not  in- 
tended to  be  exhaustive,  but  gives  the  chief  publications  of 
interest. 

To  give  a  complete  review  of  the  work  in  Metallography 
for  even  the  last  few  years  would  be  a  task  of  considerable 
difficulty,  first  because  of  the  enormous  mass  of  material,  and 
secondly,  because  of  the  impossibility  of  presenting  it  logically. 
It  was  therefore  decided  to  treat  the  subject  as  follows: 

Metals — Structure  and  Physical  Properties 
Binary  Alloys — Constitution,  Properties 
Ternary  Alloys — Constitution,  Properties 
Miscellaneous:  Alloys — ^Uses 
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Electrical  Properties 

Corrosion 

Sulphides,  etc. — New  Applications  of  Metallographic 
Methods 

Recent  Books. 

Heyn's  **  Report  on  the  Progress  of  Metallography  during 
1909,  1910,  and  1911'*,  gives  540  titles  and  may  be  used  as  a 
starting  point.* 

METALS. 

The  Structure  of  Metals. 

The  old  ideas  of  the  stru<»ture  of  metals  were  based  on 
fracture,  and  from  this  came  the  terms — crystalline,  granular, 
fibrous,  and  amorphous.  In  general,  all  metals  are  crystalline 
and  the  fracture  may  have  no  relation  to  the  structure,  and 
depends  not  only  on  the  method  of  breaking  but  also  on  the 
mechanical  and  thermal  treatment.  All  metals  solidify  as  crys- 
talline grains  with  distinct  orientation,  the  size  and  shape  de- 
pending chiefly  on  the  rate  of  solidification  and  the  thermal 
gradient  within  the  freezing  mass. 

When  strained  within  the  elastic  limit,  the  structure  shows 
no  change,  but  when  this  is  passed  there  is  a  permanent  defor- 
mation, and  within  the  grains  themselves  we  find  slip-lines  and 
slip-bands,  which  increase  in  number  and  direction  as  the  strain 
increases,  and  the  grains  are  distorted  and  elongated.  The 
elastic  limit  is  greatly  increased  and  the  metal  becomes  harder, 
but  the  ductilitv  falls  ofi^  as  a  rule. 

On  reheating  such  strained  metal,  a  temperature  is  reached 
where  the  elastic  limit  and  hardness  show  a  rapid  falling  oflf 
and  the  ductility  returns.  The  grains  rearrange  themselves  and 
begin  to  grow  with  distinct  polygonal  boundaries,  with  fre- 
quent twinning,  the  size  depending  on  the  temperature  and 
time  of  annealing,  the  amount  of  cold-work  the  metal  has  un- 
dergone, and  upon  its  cross-section.  Copper  is  annealed  at 
200°  C.  (Grard),  gold  softens  above  100°  C.  (Rose),  silver  be- 
gins to  soften  after  4  hours  at  100  °  C.  (Hanriot  and  Lahure), 
while  lead  and  zinc  may  soften  at  ordinary  temperatures. 

The  structure  of  hot-worked  metals  consists  of  polygonal 

*  International  Association  for  Testing  Materials,  Vol.1,  1912.    II-I. 
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grains,  more  or  less  twinned,  and  closely  resembles  that  of  an- 
nealed metal.  This  is  due  to  the  fact  that  there  is  enough  heat 
present,  after  distortion  of  the  grains,  to  cause  annealing.  In 
general,  the  greater  the  reduction  and  the  lower  the  tempera- 
ture, the  finer  the  grains.  A  point  is  reached  where  the  tem- 
perature is  too  low  to  cause  annealing,  the  grains  remain  dis- 
torted and  cold-work  may  be  said  to  have  begun.  This  critical 
temperature  varies  widely — for  tungsten  it  is  over  1300°  C,  for 
zinc  below  150**  C. 

The  Amorphous  Theory.  Beilby  has  shown  that  in  the 
process  of  polishing,  a  thin  film  of  metal  actually  flows  like  a 
liquid,  and  is  apparently  an  amorphous  modification.  He  has  put 
forward  the  theory  that  cold-working  of  metals  produces  an  amor- 
phous film  on  the  surfaces  of  slip-planes,  which  modification  is 
harder  and  stronger  than  the  original  crystalline  one.  Reheating 
to  the  annealing  temperature  causes  the  transformation  from  the 
amorphous  to  the  crystalline  state,  and  the  hardness  falls  and 
ductility  returns  in  consequence.  Studying  the  mechanism  of 
intercrystalline  cohesion,  Rosenhain  and  Ewen  have  brought 
forward  the  **  amorphous  cemenf  theory,  which  states  that  the 
crystals  of  metals  are  cemented  together  by  an  extremely  thin 
layer  of  non-crystalline  material  which  has  distinct  physical 
properties.  The  amorphous  theory  is  opposed  by  Tammann^ 
Heyn  and  others. 

Strain  Disease.  Cohen  shows  that  in  cold-worked  metals 
we  are  dealing  with  metastable  systems.  The  size  of  grain 
can  be  increased  by  inoculation  from  normal  metal  by  means 
of  an  etching  agent. 

Quincke's  "Foam-Cell"  Hypothesis.  The  process  of  crys- 
tallization begins  with  the  separation  of  the  liquid  into  two 
immiscible  liquid  phases.  The  one  which  is  present  in  relatively 
small  amounts  so  arranges  itself  as  to  form  the  walls  of  "foam- 
cells'',  which  may  be  very  thin  and  invisible,  filled  with  the 
liquid  present  in  greater  quantity,  after  the  manner  frequently 
seen  in  immiscible  oils  and  aqueous  solutions.  These  "foam- 
cells",  according  to  their  form  and  size,  determine  the  arrange- 
ment of  the  crystalline  particles  when  actual  solidification  takes 
place.  Hard-drawn  wire  contains  many  invisible  cylindrical 
foam  walls,  and  therefore  possesses  great  strength.    Annealed 
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wire  hsM  lem  itrength  beoause,  on  heating,  the  viaoosity  dirain- 
kheB  and  foam  walls  contract  to  form  drops. 

Blelting-points.  Oritioal  Points.  The  melting-points  of 
the  metals  have  now  been  determined  with  great  accuracy  and 
are  given  by  Burgess.  According  to  Pirani  and  Meyer,  W 
melts  at  3100  ±  60'' ;  Mo,  2450  ±  30^ ;  Ta,  2850^  C.  According 
to  Ruff  we  have :  Au  —  1071%  Mn  =-  1247%  V  —  1715%  Cr  — 
1614%  Pt  --  1750%  Mo  -«  2110%  Ir  —  2224%  W  —  2575^  Euer 
gives  Ni  =  1451,  Co  =  1491. 

The  ''critical  points"  of  iron  are  900  and  780**  C.  Nickel 
transforms  at  360**  C.  Cobalt  at  1102''  C.  According  to  Cohen, 
copper  transforms  at  71.7^*  C;  zinc, '300-350  and  possibly  at 
170*'  C. ;  cadmium  at  64.9''  C. ;  tin  at  18  and  101^  C. 

Tiede  and  Bimbrailer,  working  in  vacuo,  found  the  volatil- 
ity of  Sn  at  880,  Ag  at  830,  Cu  at  1360,  Ta  at  2200,  W  at 
2450^  C. 
Phjrsical  Properties. 

A  great  deal  of  research  has  been  done,  especially  in  regard 
to  determining  the  effect  of  cold-work  and  of  annealing  on 
strength,  ductility  and  hardness.  Many  of  the  references  given 
include  work  on  alloys  also. 

The  strength  and  hardness  of  Al  up  to  300**  C.  is  given  by 
Baumann,  while  the  tensile  properties  of  Cu  at  high  temper- 
atures are  given  by  Bengough  and  Hudson,  by  Huntington  and 
by  Hughes. 

Tungsten.  The  use  of  tungsten  in  lamps  and  for  electrical 
heating  purposes  is  now  well  established.  The  preparation  of 
the  metal  in  the  ductile  condition  is  of  comparatively  recent 
date.  The  behaviour  of  the  metal  is  peculiar,  and  during  the 
hot-working,  changes  from  a  state  of  extreme  brittleness  to 
one  of  comparative  ductility,  which  as  yet  has  not  been  ex- 
plained from  its  structure.  Annealing  between  the  stages  of 
hot-work  seems  to  have  very  little  tendency  to  cause  a  re- 
arrangement of  grain,  which  remains  drawn  out  and  elongated. 
On  the  other  hand,  the  filament  of  a  lamp  after  use  is  found  to 
be  entirely  recrystallized  and  consists  of  a  string  of  coarse 
crystals,  which  causes  more  or  less  brittleness  compared  with 
the  original  wire.  The  preparation  of  the  wire  in  ductile  form 
from  a  rod  of  pressed  tungsten  powder,  consists  in  first  sinter- 
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ing  the  rod  at  a  very  high  temperature  by  the  passage  of  an 
electric  current  in  an  atmosphere  of  hydrogen,  then  swaging 
it  very  hot  until  it  can  be  drawn  hot  through  diamond  dies  into 
the  finest  wires.  The  reheating  between  the  various  passes  in 
swaging  is  done  in  hydrogen. 

BINARY  ALLOYS. 

The  thermal  diagrams  of  most  of  the  binary  alloys  have 
been  worked  out  and  are  given  in  Guertler's  **Metallographie", 
and  by  Bornemann,  Deseh,  Gulliver,  etc.  The  theoretical  dis- 
cussion of  the  various  type  diagrams  is  already  well  under- 
stood and  given  in  the  main  text-books.  The  determination  of 
the  diagrams  thems(»lves  has  been  in  many  cases  faulty,  and  new 
work  is  constantly  being  done  upon  them,  considerably  modi- 
fying our  original  ideas.  This  is  especially  true  of  the  chang- 
es which  take  place  in  the  solid  state,  theoretically  discussed  by 
Heyn  and  others.  For  example,  the  alloys  of  lead  and  tin,  of 
aluminum  and  zinc,  were  long  given  as  examples  of  the  simplest 
class  of  binary  alloys.  Recent  researches  have  shown  that  the 
former  undergo  profound  changes  in  the  solid,  while  the  latter, 
in  addition,  form  a  compound  by  reaction  during  the  process  of 
freezing,  which  has  hitherto  escaped  detection. 

Thermal  Diagrams. 

From  the  references  below,  one  or  two  papers  deserve  men- 
tion. Carpenter  has  shown  the  similarity  between  the  three 
series,  Ag-Zn,  Cu-Zn  and  Ag-Cd.  Mazzotto's  work  on  Cd-Sn 
shows  a  eutectoid  at  130°  C.  and  94.5%  Sn.  Cobalt  alloys  have 
been  studied  by  Waerlert,  Ruer  and  others,  while  Ruer^s  work 
on  Cu-Fe  shows  a  new  horizontal  on  the  iron  branch  at  1440°  C, 
similar  to  that  in  the  Fe-Co  alloys. 

Konstantinoff  and  Smirnoff  in  the  Sb-Sn  alloys  show  two 
compounds,  Sb-Sn  and  SbgSua.  The  alloys  of  silver  and  gold 
with  tellurium  have  been  studied  by  Pellini  and  Quercigh,  who 
found  AgaTe :  Ag  Te :  and  Au  TCj. 

The  alloys  of  carbon  with  Co,  Ni  and  Mn  have  been  ex- 
amined. Cobalt  dissolves  3.9%C.  at  1700°  C,  which  separates 
as  graphite.  There  is  a  eutectic  at  2.S^/t  C.  and  1300°  C,  at 
which  temperature  0.82%  carbon  is  in  solid  solution,  falling  to 
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0.3%  at  lOOO**  C.  A  carbide  has  not  been  detected.  Nickel 
dissolves  6.42%  C.  at  2100°  C.  (NiaC).  The  carbide  is  unstable 
and  breaks  up  into  Ni  -f-  Graphite.  There  is  a  eutectic  at 
1310°  C.  and  2  to  2.5 %C.  when  Ni  holds  about  1%C.  in  solid 
solution. 

Joyner  has  studied  the  structures  of  the  silver-tin  amalgams. 

The  Cu-CujO  diagram  has  been  completed  by  Slade  and 
Farrow.  It  resembles  Cu-CUjS.  Mathewson  and  Stokesbury 
find  that  the  Ag-CujO  series  is  very  similar  to  that  of  Cu-CUjO. 
It  shows  a  eutectic  of  1.3%  CujO  at  945°  C. 

Gopper-Zinc.  The  brasses,  due  to  their  commercial  im- 
portance, have  had  a  great  deal  of  attention.  The  original  dia- 
gram of  Shepherd  was  modified  by  Carpenter  and  Edwards, 
whereby  the  beta  constituent  which  occurs  from  36  to  60%  Zn, 
undergoes  a  transformation  at  450°  C,  tending  to  break  down 
into  alpha  and  gamma,  a  eutectoid  change.  The  recent  work  of 
Hudson  seems  to  indicate  that  the  diagram  is  even  more  complex 
than  that  given  by  Carpenter  and  Edwards.  The  physical  prop- 
erties, effect  of  hot  and  cold  work,  and  of  annealing  and  their 
relation  to  the  microstructure  have  been  carefully  studied  by 
Lohr,  Webster,  Grard  and  others,  with  the  result  that  we  are 
beginning  to  see  that  the  relation  between  structure  and  prop- 
erties is  very  close. 

The  effect  of  other  metals  on  typical  brasses  has  been  stud- 
ied, especially  in  the  case  of  certain  so-called  ** bronzes" — e.  g., 
manganese  bronze,  tobin  bronze,  etc. — ^with  the  result  that  the 
new  alloys  have  a  much  greater  strength,  yet  retain  their  duc- 
tility. 

Gopper-Tin.  The  bronze  diagram  first  worked  out  by 
Heycock  and  Ne\411e,  then  modified  and  completed  by  Shep- 
herd and  Blough,  has  again  been  under  discussion,  notably  by 
Hoyt  and  by  Haughton.  Much  remains  to  be  done  before  the 
actual  diagram  is  settled.  That  part  of  the  diagram  embracing 
the  useful  alloys  is  complete,  however.  As  in  the  ease  of  the 
brasses  a  great  deal  of  study  has  been  devoted  to  their  physical 
properties,  effect  of  work,  and  of  annealing.  The  effect  of  the 
presence  of  Cu^Sn  or  delta  is  now  well  understood.  The  effect 
of  small  amounts  of  other  metals  has  also  been  studied,  notably 
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for  the  alloy  88  Cu  10  Sn  2  Zn  or  Admiralty  bronze,  and 
various  phosphor  bronzes. 

Copper  Almniniun.  These  alloys  have  also  had  consider- 
able attention,  first  the  copper-rich  or  ** aluminum  bronzes", 
second  the  light  aluminum  alloys.  The  copper  end  of  the  dia- 
gram is  still  under  discussion.  Their  properties  have  been 
carefully  worked  out  by  Carpenter  and  Edwards  in  the  8th 
report  to  the  Alloys  Research  Committee.  The  light  alloys  for 
automobile  and  other  work  have  developed  considerably  and 
we  have  such  alloys  as  ** Duralumin". 

Aluminum  Alloys.  The  Zn-Al  alloys,  due  to  their  proper- 
ties, have  long  been  used.  Their  diagram  and  properties  have 
been  thoroughly  worked  out  by  Rosenhain  and  Archbutt  in 
the  10th  report  to  the  Alloys  Research  Committee.  They  dis- 
covered a  definite  compound,  AlgZn,,  which  forms  by  reaction 
with  the  melt  at  445°  C.  It  decomposes  however  at  256°  C. 
into  zinc  and  the  Al-Zn  solid  solution,  which  explains  some  of 
the  peculiarities  of  Al-Zn  castings.  The  pressure  of  manganese 
seems  helpful,  while  small  amounts  of  magnesium  confer  the 
property  of  hardening,  which  appears  some  time  after  quench- 


ing. 


HEAT-TREATMFNT.     ANNEALING.     PROPERTIES   AT   HIGH 

TEMPERATURES,  ETC. 

A  general  review  of  the  subject  of  heat-temperature  is 
given  by  Portevin,  who  points  out  that  it  depends  on  the  tend- 
ency to  return  to  a  state  of  mechanical,  chemical  or  crystalline 
equilibrium.  Cold- worked  alloys  rearrange  their  distorted  con- 
stituents on  annealing,  while  those  whase  rate  of  freezing  or  of 
cooling  was  such  that  they  were  in  a  state  of  metastable  equilib- 
rium tend  to  become  stable.  Inhomogeneous  grains  of  a  solid 
solution  become  homogeneous,  often  dissolving  a  second  constit- 
uent up  to  their  saturation  point,  as  in  the  case  of  gun-metal, 
where  delta  disappears  on  annealing. 

The  annealing  of  brass  and  bronze  has  already  been  referred 
to.  Rose  has  investigated  the  heat  treatment  of  the  alloj's  used 
in  coinage;  Webster  worked  on  monel  metal,  aluminum-bronze, 
cupro-nickel,  brass,  etc. 
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The  change  in  strength  and  ductibility  of  alloys  when  heated 
has  been  investigated  by  several.  Huntington  found  that  while 
the  tensile  strength  falls  oflf  directly  with  the  temperature,  for 
bronze  the  elongation  and  reduction  of  area  take  a  dip  at  400°  F., 
with  a  minimum  between  600°  and  700°  F.  For  brass,  the  elastic 
limit  sho\^^  a  maximum  at  400°  F.,  the  elongation  a  maximum 
at  500°  F.,  at  which  point  the  reduction  of  area  begins  to  dip. 
For  copper-nickel,  the  elongation  begins  to  dip  at  400°  F.  and 
the  reduction  of  area  shows  a  maximum  at  350°  F.  For  copper- 
aluminum  the  elastic  limit  rises  slightly  to  800°  F.  and  then 
falls:  the  elongation  takes  a  sharp  dip  at  400°  F.  to  a  minimum 
at  800°  F.  The  reduction  of  area  slowly  falls  to  400°,  then 
sharply,  with  a  minimmn  at  800°  F. 

The  process  of  cementation  or  diffusion  in  the  solid  has  had 
considerable  studv  in  iron  and  steel.  Bruni  has  studied  the 
diffusion  of  copper  into  nickel,  and  into  gold,  also  silver  into 
gold  to  form  solid  solutions.  Conditions  were  studied  by  meas- 
uring the  change  in  electrical  conductivity.  Diffusion  of  copper 
and  zinc  is  considered  bv  Hudson. 

* 

The  bi^haviour  of  allovs  when  heated  in  vacuo  has  been  dealt 
with  by  Turner  and  others,  more  especially  the  brasses.  "When 
zinc  is  present  in  amoimts  of  less  than  40^,  it  can  be  distilled 
off,  lea\Tng  all  the  copper  behind. 

The  autogeneous  welding  of  alloys  has  been  studied  by  Car- 
nevalli.  In  copper  the  capacity  to  resist  fracture  is  reduced 
5(>'  J ,  brittleness  increases  30*^,  and  ductibility  falls  to  one- tenth 
of  the  original.  In  bnt'^  and  bronze  the  deticiency  in  mechanical 
pri>j>erties  is  greatly  intensified  as  the  number  and  variety  of 
const iturnts  increase.  While  mechanical  treatment  of  the  weld 
i-auses  no  iniprovt'meut,  heat  treatment  is  beneficial,  especially 
slow-coi>ling.  Li^iss  of  tin  and  zinc  is  large,  and  oxides  dissolve 
in  the  motal.  For  aluminum  a  coarse  crvstallization  results,  in- 
duoing  brittloness.  Hammering  and  reheating  to  500"  C.  gives 
gri-at  improvement. 

TEKXAKY  ALLOYS. 

The  ternary  systems  are  now  b^i ng  extensively  investigated- 
The  tt-rnarv  diatrrams  have  Kvn  theoretieailv  discussed  bv  Hevn. 
G?:vr.  tJanovko,  etc.     Many  invest :g;^ tors  express  composition  in 
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atomic  percentage,  while  the  majority  use  percent  by  weight. 
Graphic  methods  of  conversion  from  one  system  into  the  other 
have  been  published  by  Hoffmann,  giving  a  great  saving  of  time. 

A  great  deal  has  been  accomplished  during  the  last  few 
years  in  unravelling  the  constitution  of  ternary  alloys.  Tafel 
worked  out  the  Cu-Nu-Zn  diagram,  applied  to  the  German  silvers ; 
Hudson  and  Law  the  phosphor-bronzes;  Hoyt  the  copper-rich 
Kalehoids ;  Giolitti  and  Marantonio  the  plastic  bronzes ;  Edwards 
and  Andrews  the  Cu-Sn-Al  diagram  and  properties. 

Other  systems  have  been  investigated  in  part,  as  the  copper 
end  of  the  Cu-Zn-Al  diagram  by  Carpenter  and  Edwards,  of  the 
Cu-Al-Ni  by  Read  and  Graves,  of  the  Cu-Al-Mn  by  Rosenhain 
and  Lantsbury. 

The  Pb-Sb-Sn  system  has  been  worked  out  by  Loebe  and  by 
Campbell,  who  also  investigated  the  tin  end  of  the  Sn-Sb-Cu 
series.  In  this  connection,  the  work  of  Heyn  and  Bauer  at 
Grosse  Lichtefelde  West  is  to  be  emphasized. 

Industrially,  the  Ag-Zn-Pb  system  is  of  importance  as  bear- 
ing on  the  Parkes'  process  of  desilverizing.  It  has  been  worked 
out  by  Kremann  and  Hoffmeier,  who  find  the  removal  of  zinc 
due  to  formation  of  AggZug  and  not  to  the  freezing  of  the  zinc 
itself. 

The  importance  of  the  formation  of  solid  solutions  in  en- 
gineering alloys  has  been  often  emphasized.  A  number  of  ternary 
alloys  are  made  up  entirely  or  in  part  of  solid  solutions.  Par- 
ravano  and  his  associates  have  investigated  the  ternaries  of  Fe, 
Mn,  Ni,  and  Cu :  also  the  quaternary  series.  The  German  silvers 
are  also  an  example.  Vogel  has  worked  on  the  Fe-Ni-Cu  alloys 
and  Waehlert  on  the  system  Co-Ni-Cu. 

ELECTRICAL  PROPERTIES. 

The  relation  of  the  various  physical  properties  to  the  ther- 
mal diagram  has  been  emphasized  frequently.  Electric  con- 
ductivity, hardness,  specific  weight,  etc.,  have  all  been  studied 
more  or  less,  and  the  general  form  of  their  curves  is  known.  The 
study  of  the  constitution  of  a  binary  series  from  its  electrical 
conductivity  has  been  emphasized  by  Guertler,  while  different 
specific  binary  series  have  been  investigated  by  Ledoux  (Cu-Sn), 
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Pushin   (Cu-Sn  and  Cu-As),  Norsa   (Cu-Zn),  and  Broniewski 
(Al  alloys). 

A  new  field  of  investigation  has  been  opened  up  by  Bome- 
mann  and  his  co-workers.  The  electric  conductivity  of  alloys  in 
the  liquid  state  has  been  worked  out  for  many  binaries.  Now 
this  method  is  being  used  to  plot  equilibrium  diagrams  for  those 
alloys  which  are  only  partially  miscible  in  the  liquid  state.  The 
critical  temperature  can  be  accurately  determined. 

MAGNETIC  PROPERTIES. 

The  magnetic  properties  of  Ni,  Co  and  Fe  alloys  have  been 
investigated  by  several,  notably  by  Guertler,  Waehlert  and  others 
already  referred  to  under  the  binary  alloys. 

In  1903,  Heussler  prepared  aUoys  of  copper,  manganese  and 
aluminum  and  found  them  to  be  magnetic.  The  magnetism  was 
explained  by  a  ternary  compound  Al,  (MnCutx)  ^3x .  Ross  put 
forward  the  theory  that  the  alloys  consist  of  solid  solutions  of 
the  binary  compounds  CU3AI  and  MnjAl,  but  Bosenhain  showed 
that  alloys  of  aluminum  and  manganese  alone  are  strongly 
magnetic. 

CORROSION. 

The  corrosion  of  brass  has  been  the  subject  of  a  great  deal 
of  research.  Two  causes  have  been  assigned:  First,  when  the 
alloys  are  composed  of  the  two  constituents  alpha  and  beta,  there 
is  a  difference  of  potential  between  the  two ;  the  beta  becomes  the 
anode  and  is  destroyed  through  the  zinc  going  into  solution, 
leaving  a  porous  mass  of  copper  behind.  Secondly,  when  the 
alloy  consists  of  homogeneous  alpha,  a  difference  of  potential 
may  be  set  up  by  adherent  impurities  on  the  surface  or  by  strain, 
and  corrosion  begins  through  electrolysis.  "When  once  begun,  the 
presence  of  metallic  copper,  which  becomes  the  cathode  to  the 
alpha  solid  solution,  hastens  the  corrosion  materially  and  the 
brass  is  rapidly  eaten  through. 

On  the  other  hand,  Bengough  and  Jones  have  maintained 
that  the  influence  of  the  juxtaposition  of  two  phases  and  the 
influence  of  deposits  and  particles  are  unimportant.  They  ad- 
vocate the  abandonment  of  the  70:30  brass  for  condenser  tubes 
and  the  use  of  Admiralty  mixture  (70  Cu,  29  Zn,  1  Sn)  or  Muntz 
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special  brass  (70  Cu,  28  Zn,  2  Pb).  Control  of  temperature  and 
electrochemical  protection  are  advocated.  Desch  and  Whyte 
found  no  evidence  that  the  presence  of  tin  gave  less  tendency  to 
corrosion.  The  well-known  protective  influence  is  due  to  the 
adherent  deposit  formed.  The  presence  of  iron  accelerates  cor- 
rosion. Investigating  the  70:30  alloy  they  found,  using  alloys 
with  1%  Sn,  1%  Pb,  and  2%  Pb,  the  greatest  corrosion  with  1% 
Sn,  the  least  with  2%  Pb. 

Bailey  investigated  the  corrosion  of  aluminum.  The  pres- 
ence of  copper  or  sodium  accelerates  corrosion.  Where  the  per- 
centage of  Si  is  greater  than  the  percentage  of  Fe,  the  action  is 
less  pronounced  in  water  or  acids  but  more  pronounced  in  salt 
solution.  Water  and  common  salt  solution  free  from  air  have  no 
corrosive  action. 

SULPHIDES,  ETC.     NEW   APPLICATIONS  OF  METALLOORAPHIC 

METHODS. 

The  binary  alloys  of  the  metal  and  its  sulphide  have  been 
worked  out  in  a  great  many  cases,  notably  by  Friedrich,  Bome- 
mann,  and  by  Jaeger  and  Van  Klooster.  The  binary  alloys  of 
two  sulphides  have  also  been  studied  extensively.  The  constitu- 
tion of  the  series  CujS-FeS  is  still  a  bone  of  contention,  Bome- 
mann  and  Schreyer  find  four  compounds,  while  Baykoff  and 
Troutneff 's  curve  show  a  series  of  solid  solutions  with  a  minimum 
at  45%  CuaS  and  956°  C.  These  differ  markedly  from  the  older 
results  of  Rontgen  and  of  Hofman. 

The  binary  alloys  of  the  metal  and  arsenic  have  also  been 
studied  in  a  great  many  cases.  Just  as  the  CUaS-FeS  series  is 
important  in  the  study  of  Mattes,  so  is  the  Co-Ni-As  series  to  the 
study  of  speisses.  The  system  has  been  examined  by  Friedrich, 
who  has  determined  the  ternary  freezing  surface  for  Co,-Co 
As,-Ni  As,-Ni. 

The  study  of  rock-formation,  slags,  Portland  cement,  etc., 
has  led  to  a  lot  of  preliminary  work  along  metallographic  lines. 
The  work  of  the  Geo-Physical  Laboratory,  Washington,  stands 
out  in  this  line.  The  first  six  references  are  typical  of  their  re- 
search. Shepherd  and  Rankin  have  given  us  the  ternary  dia- 
gram for  the  CaO-AlgOg-SiOj  series,  with  a  study  of  Portland 
cement  clinker. 
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Lastly,  the  application  of  metallographic  methods  to  the 
study  of  opaque  ores  is  yielding  valuable  results.  Along  this 
line,  two  papers,  those  of  Graton  and  Murdock,  and  of  Singewald 
need  special  attention,  as  indicating  the  results  which  can  be 
obtained. 

RECENT  LITERATUBE. 

Until  comparatively  recently  no  systematic  presentation  of 
the  whole  field  of  ^letallography  was  attempted.  Information 
had  to  be  sought  at  the  original  sources,  such  as  the  **Zeits.  fiir 
anorganische  Chemie''  and  the  **Zeits.  fiir  physikalische 
Chemie'*,  the  **  Revue  de  Metallurgie",  **Metallurgie,"  now 
**Ferrum",  and  ''Metall  und  Erz'*,  and  elsewhere. 

Now  we  have  Guertler's  *' Text-book  of  Metallography'', 
Vols.  I  and  II,  Desch's  '* Metallography",  Gulliver's  '* Metallic 
Alloys",  Bosenhain's  ** Introduction  to  Physical  Metallurgy", 
and  a  number  of  smaller  works.  Some  of  the  more  recent  are 
given  below.  As  a  starting  point  to  find  the  literature  on  any 
subject,  the  abstracts  in  the  ' '  International  Journal  of  Metallog- 
raphy" and  in  the  '* Journal  of  the  Institute  of  Metals", 
London,  cover  the  field  exceedingly  well. 
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PULVERIZED  COAL  IN  REVERBERATORY  FURNACES. 

By 

D.  H.  BROWNE,  Mem.  A.  I.  M.  E. 

New  York,  N.  Y.,  U.  8.  A. 


In  December,  1911,  the  Canadian  Copper  Company  com- 
menced to  use  pulverized  coal  in  reverberatory  furnaces.  As 
originally  built,  these  furnaces  were  112  ft.  x  19  ft.  hearth  area. 
The  extreme  inside  height,  6  ft.  The  bottom  was  an  inverted 
arch  of  magnesite  brick. 

The  coal  was  first  cracked  to  ^2  i^ich  size,  then  dried  in  a 
Ruggles  coal  dryer,  and  finally  crushed  to  a  200-mesh  powder 
in  Raymond  impact  pulverizers.  This  powder  was  blown  into 
the  furnaces  through  five  nozzles  into  which  it  was  conveyed 
by  screw  conveyors  in  front  of  a  low  pressure  fan  blast. 

Operations  during  the  years  1912-13  showed  that  the 
furnace  as  originally  designed,  along  the  old  lines  of  grate 
fired  reverberatories,  was  not  adapted  to  the  use  of  a  powdered 
fuel  which  burned  almost  exactly  like  oil.  The  roof,  exposed 
to  such  an  intense  flame,  required  frequent  repairs.  In  the  fall 
of  1913,  the  design  was  changed.  A  silica  bottom,  as  used  at 
Anaconda,  replaced  the  inverted  arch  as  a  hearth.  The  roof 
was  raised,  making  a  combustion  space  6  ft.  3  in.  high  above 
the  skimming  line.  The  side  doors  were  bricked  up  and  the 
charging  system  changed  to  feed  almost  the  entire  charge  from 
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two  continuous  hoppers,  through  6-inch  pipes,  18  inches  apart, 
which  are  inserted  in  the  roof  at  the  intersection  of  the  side 
walls.  The  charge  thus  forms  a  continuous  embankment  which 
protects  the  sides  and  prevents  the  introduction  of  air  into  the 
smelting  space,  except  as  supplied  through  ports  between  the 
coal  burning  nozzles.  This  careful  regulation  of  air  supply, 
and  the  almost  continuous  feeding  of  the  charge  along  the  side 
walls,  result  in  an  increased  ratio  of  charge  to  fuel. 

During  the  first  three  months,  in  1914,  the  monthly  average 
of  tons  charge  smelted,  per  ton  coal  used,  was  5.0,  5.65,  and 
6.77.  In  other  words,  in  March,  1914,  6.77  tons  charge  was 
smelted  with  one  ton  pulverized  coal. 

Coal  ash  does  not  settle  either  upon  the  charge  or  in  the 
flues  to  any  extent  such  as  would  interfere  with  the  operation. 
The  examination  of  the  flues  and'  the  removal  of  a  small  amount 
of  clinkered  ash  from  the  throat  take  only  a  few  minutes'  time 
every  morning  and  do  not  necessitate  stopping  the  fuel  supply. 
Part  of  the  waste  heat  is  used  to  supply  steam  for  heating  ofSces 
and  shops,  but  as  electrical  power  is  plentiful,  no  attempt  has 
been  made  to  use  the  flue  gases  for  power. 

However,  this  point  has  been  carefully  gone  into,  and  the 
study  indicates  that,  with  the  proper  installation  of  waste  heat 
boilers,  practically  50%  of  the  value  of  the  fuel  could  be  re- 
covered in  power. 


BURNING  PULVERIZED  COAL  IN  COPPER 

REVERBERATORIES. 

By 

E.  P.  MATHEWSON,  Mem.  A.  I.  M.  E. 
Anaconda,  Mont.,  U.  S.  A. 

Quite  recently  it  has  been  demonstrated  that  pulverized 
coal  can  be  used  with  great  success  in  the'  smelting  of  calcines 
in  copper  reverberatories.  It  has  been  thought  that  the  silice- 
ous slags  of  copper  reverberatories,  in  ordinary  practice,  would 
preclude  the  possibility  of  using  this  excellent  fuel,   but   a 
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gradual  increase  in  silica  in  the  content  of  the  slag,  at  the 
Copper  Cliflf  plant,  of  the  Canadian  Copper  Company,  under 
the  direction  of  Mr.  David  H.  Browne,  up  to  36%  on  some 
occasions,  convinced  Western  copper  smelters  that  a  slag  of 
even  40%  silica  could  be  made  successfully  in  furnaces  fired 
with  pulverized  coal. 

The  Garfield  plant,  of  the  American  Smelters  Securities 
Company,  and  the  Washoe  Reduction  Works,  of  the  Anaconda 
Copper  Mining  Company,  each  equipped  one  furnace,  in  the 
year  1914,  with  apparatus  similar  to  that  used  at  Copper  Cliflf, 
for  a  trial  of  the  process.  The  success,  in  both  instances,  was. 
so  pronounced  that  both  companies  have  ordered  a  change  of 
their  entire  reverberatory  plant  over  to  the  new  system.  The 
Oarfield  plant  had  been  using  fuel  oil  and  the  Anaconda  plant 
had  been  using  Wyoming  coal,  from  Diamondville.  The  change 
is  now  being  made  at  both  plants. 

This  is  a  revolutionary  step  and  will  mean  tremendous- 
savings  in  operation ;  in  fact,  it  is  believed  that,  in  many  places, 
the  reverberatories  can  be  operated  under  the  new  system  at 
considerably  less  cost  than  blast  furnaces,  even  where  the  coke- 
consumption  in  the  blast  furnace  is  as  low  as  8%  of  the  charge. 

Coals  varying  in  ash  from  5%  to  23%  have  been  used  suc- 
cessfully in  pulverized  form.  Two  points  are  essential  for  suc- 
cess. The  coal  must  be  dried  below  1%  moisture  before  pulv- 
erization ;  and  the  pulverization  must  be  carried  to  a  very  fine- 
point.  Preferably,  not  over  5%  of  the  pulverized  coal  should 
rest  on  a  100-mesh  screen,  while  95%  should  pass  through  100- 
mesh  screen;  not  over  20%  should  rest  on  200-mesh  screen, 
while  75%  should  pass  through  200-mesh  screen. 

The  flame  is  as  easy  to  handle  as  gas ;  the  ash  is  caught  to 
the  extent  of  50%  in  the  flue  connection  between  the  furnace 
and  the  waste  heat  boiler,  the  balance  being  absorbed  by  the 
charge. 

A  great  advantage  in  using  the  new  method  is  that,  if  the 
charge  is  fed  through  holes  in  the  roof,  along  both  sides,  it  acts. 
as  fettling,  and  there  is  no  occasion  to  stop  the  furnace  and  tap 
out  for  fettling.  Another  advantage  is  that  the  slag  on  the 
large  furnaces  may  be  discharged  in  a  continuous  stream,  the 
same  as  in  copper  blast  furnaces. 
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GAS  PRODUCER  DEVELOP^IEXT. 

By 

Z.  C.  KLINE 

Engineer,  Bhode  Island  Glass  Co. 

Central  FaUs,  B.  L,  U.  S.  A. 

During  the  last  decade,  furnace  development  has  been 
largely  toward  regenerative  and  recuperative  types.  This  is 
due  to  the  large  number  of  open  hearth  plants  built  and  the 
general  change  in  other  furnaces  from  direct  fire  to  regenera- 
tive firing.  Natural  gas  is  becoming  scarcer,  more  expensive, 
and  is  to  be  had  the  year  round  only  in  certain  localities.  Oil, 
aLso,  is  becoming  more  expensive  and  can  by  no  means  be  gen- 
erally used  as  furnace  fuel.  Consequently,  the  gas  producer 
has  come  forward  by  leaps  and  bounds,  and  producer  gas  is 
now  being  used  much  more  generally  for  small  furnace  work 
as  well  as  for  the  larger  furnaces. 

Gas  producer  development,  recently,  has  been  chiefly  to- 
ward the  mechanically  operated  types,  and  there  has  been  a 
strong  demand  for  a  gas  producer  which  would  gasify  bitumin- 
ous coal  and  fix  the  tarry  constitutents  before  leaving  the 
producer. 

The  mechanically  operated  producers  are  much  more  ex- 
pensive to  install  and  probably  cost  considerably  more  for  up- 
keep, but  the  labor  required  on  them — ^poking  the  fire  and 
breaking  down  clinkers — is  so  much  less,  that  the  labor  cost 
is  cut  down  markedly  and  a  much  higher  class  of  producermen 
can  be  held.  These  producers  also  make  a  much  more  uniform  gas 
and  gasify  a  larger  quantity  of  coal  per  square  foot  of  surface. 

Recently,  there  have  been  t\T)es  of  producers  put  on  the 
market  which  claimed  to  fix  the  tarry  constituents  before  leav- 
ing the  producer.  No  doubt,  they  have  accomplished  this  to  a 
large  extent,  but  they  have  not  been  perfected  as  yet  and  it  is 
neeessarj'  to  extract  the  tar  by  some  auxiliary  appliance  before 
the  gas  is  clean.  Great  progress  has  been  made  along  this  line 
recently  and  I  believe  that  we  have  good  reason  to  expect  that 
such  a  producer  will  be  developed  soon,  and,  no  doubt,  this 
will  be  a  great  boom  for  power  gas  producers. 
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Within  the  last  ten  years,  the  development  and  installation 
of  power  gas  producers  have  been  of  steady  and  normal  growth. 
They  have,  however,  had  setbacks  due  to  a  great  many  installa- 
tions which  did  not  come  up  to  expectation,  and  the  more  recent 
successful  development  of  steam  turbine  and  internal  combustion 
oil  engines.  Nevertheless,  gas  producer  plants  are  still  being 
installed  and  are  working  satisfactorily.  The  industry  has,  to 
a  large  extent,  lived  down  the  bad  impression  given  by  some 
early  faulty  installations.  There  are  a  great  many  more  com- 
petent engineers  and  operators  in  this  work  now  than  there 
were  a  few  years  ago,  and  this  simplifies  difficulties  to  a  great 
extent. 

The  trend  of  gas  producer  operation  will  probably  be  to- 
ward the  perfection  of  mechanical  types  and  more  experiments 
toward  simplifying  and  cheapening  the  methods  of  obtaining 
clean  producer  gas,  and,  no  doubt,  a  great  deal  more  attention 
will  be  paid  to  the  operation  of  the  producers  already  installed, 
especially  along  lines  of  labor  and  technical  efiSciencies.  A 
great  many  firms  now  have  appliances  for  checking  up  quality 
of  gas,  amount  of  coal  used,  and  temperature  control.  At  last, 
manufacturers  are  realizing  that  a  gas  producer  cannot  be  run 
efficiently  without  competent  men. 

SURFACE  COMBUSTION  (WHAT  IS  IT?) 

By 

C.    E.    LUCKE,  Mem.  Am.  Soc.  M.  E. 
Professor  of  Mechanical  Engineering,  Columbia  University 

New  York,  N.  Y.,  U.  S.  A. 

Air  completely  and  homogeneously  mixed  with  gaseous 
fuel,  and  in  chemically  combining  proportions,  constitutes  a 
mixture  that,  when  burned  in  stoves  and  furnaces,  yields  prod- 
ucts that  are  free  from  both  fuel  and  oxygen,  and  that  burn 
at  the  maximum  possible  volumetric  rate  because  of  the 
absence  of  flame  volume  and  regardless  of  the  nature  of  the  sur- 
rounding atmosphere.  For  commercial  practicability,  a  definite 
localization  of  combustion  zones  is  necessary  and  specific  means 
must  be  provided  for  such  control  because  such  mixtures  are 
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•of  the  class  termed  **  explosive " ;  i.  e.,  have  the  property  of  self- 
propagation  of  inflammation.  The  fundamental  physical  con- 
ditions for  localization  are  prevention  of  the  phenomena  of 
^*back  flash'*  and  "blow  off'',  the  former  being  a  back  travel 
-of  the  combustion  through  the  mixture  toward  the  supply,  due 
to  an  inferior  flow  velocity  as  compared  to  that  of  flame  propa- 
gation, while  the  latter,  **blow  off",  is  due  to  an  excessive  flow 
velocity.  An  additional  condition  to  be  fulfilled  in  commercial 
apparatus  is  the  prevention  of  back  heating  from  the  combus- 
tion zones  to  the  mixture  supply  point,  along  the  walls  of  the 
feed  passages,  and,  incidentally,  also  the  suitable  disposition 
of  feed  passages  to  yield  a  distribution  of  heat  in  the  furnace 
chamber  suitable  for  the  work  to  be  done.  Back  heating  may 
be  prevented  by  thermal  resistance  and  by  heat  dissipation  by 
cooling,  the  former  through  the  use  of  insulating  material,  and 
the  latter  by  abstracting  heat  from  the  walls,  either  internally 
or  externally.  Internal  wall  cooling  is  automatically  accom- 
plished by  the  flow  of  mixture  itself,  increase  of  specific  heats 
of  gases  with  temperature  rise  being  a  direct  contribution, 
while  external  wall  cooling  may  be  accomplished  by  atmos- 
pheric air  circulation  about  the  passages,  single  or  in  groups, 
^r  by  water  jacketed  passages  in  extreme  cases.  When  most 
perfect  cooling  of  passages  takes  place,  i.  e.,  to  the  point  of 
heat  abstraction  at  a  greater  rate  than  it  can  be  generated  in 
the  passage,  especially  easy  if  the  passages  are  narrow,  then 
**back  flash"  is  prevented  regardless  of  flow  velocity.  In  other 
cases,  that  is,  with  less  complete  cooling  of  passages,  back  flash 
is  prevented  by  velocities  obtainable  by  a  drop  in  pressure 
through  the  supply  exits  varying  from  0.1  inch  water  column 
for  small  passages  and  slow  burning  mixtures,  to  larger  values 
for  large  passages  and  fast  burning  mixtures,  always,  how- 
ever, within  the  range  of  fan  pressures. 

Excess  exit  velocity  from  the  passages,  which  is  normally 
necessary  to  prevent  back  flash,  must  be  promptly  reduced  to 
prevent  blow  off,  by  spreading  the  mixture  stream  just  beyond 
exit  from  the  passages  by  baffles  of  solid  refractory  surfaces 
or  by  porous  beds  such  as  layers  of  granular  refractory  ma- 
terial, loose  or  bonded.  These  refractory  spreaders  become  in- 
candescent, permanent  fire  beds,  converting  a  maximum  of  the 
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heat  generated  into  the  radiant  form,  and  they  incidentally 
act  also  as  accelerators  of  the  combustion  reaction. 

Accordingly  the  combustion  zone  may,  it  has  been  found, 
be  definitely  and  permanently  localized  by  utilizing  the  prop- 
erties of  the  explosive  mixtures  themselves,  and  as  a  result 
there  is  now  available  for  commercial  application  a  new  method 
or  system  of  gas  combustion,  characterized  by  maximum  pos- 
sible rate  of  combustion,  by  maximum  possible  temperature  of 
gases,  because  of  minimum  weight  of  products  per  lb.  of  fuel, 
and  by  products  containing  normally  no  free  oxygen  and  no 
unbumed  fuel,  though  by  adjustment  of  proportions  the  prod- 
ucts may  be  made  either  oxidizing  or  reducing. 

The  fundamental  principle  on  which  the  process  rests*  was 
discovered  by  Professor  C.  E.  Lucke,  head  of  the  Department 
of  Mechanical  Engineering,  Columbia  University,  New  York 
City,  in  the  course  of  his  doctorate  research  work,  which  was 
published  in  1902.  It  was  first  described  by  him  as  a  process 
for  ** continuous  combustion  of  explosive  gaseous  mixtures", 
though,  until  1911,  no  commercial  applications  were  made  by 
the  purchasers  of  the  patents.  About  this  time,  Prof.  W.  A. 
Bone,  of  Leeds  University,  England,  made  some  improvements, 
notably  in  the  use  of  bonded  diaphragms  as  fire  beds  and  re- 
named the  process  ** surface  combustion'*  because  of  the  accel- 
erating influence  of  the  solid  incandescent  refractory  surface. 
Immediately  thereafter.  Prof.  Lucke  again  took  up  the  problem 
and  made  extensive  improvements  after  repurchasing  his  old 
patents.  He  then  carried  the  process  to  commercial  conclusions 
for  use  in  domestic  cooking  and  heating  appliances  (now  being 
manufactured)  and  in  industrial  furnaces  and  appliances  which 
have  been  designed  and  are  about  to  be  manufactured.  The 
term  ''surface  combustion'*  has  been  retained  because  it  is  ap- 
propriate not  only  from  the  point  of  view  of  Bone,  who  used 
it  with  reference  to  the  action  of  the  solid  surfaces,  but  also 
as  pointed  out  by  Lucke  because  it  is  even  more  pertinent  to, 
and  descriptive  of,  the  geometric  form  of  the  flame  itself.  This, 
for  explosive  mixtures,  has  length  and  breadth  without  thick- 
ness, as  distinguished  from  the  flame  of  non-explosive  mixtures, 
burning  in  oxygen  atmospheres,  which  is  a  three-dimension 
volume  of  flame,  instead  of  a  two-dimension  surface  flame. 
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